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ABSTRACT
A study of the distributions and utilization of dissolved organic carbon, nitrogen 
and phosphorus (DOC, DON, and DOP; respectively) and their various fractions was 
conducted for the York River estuary in an effort to evaluate the inputs and fates of 
terrestrial, riverine and marine dissolved and particulate organic matter (DOM and POM, 
respectively) in a temperate estuarine system. Surface water samples were collected at 
roughly monthly intervals along the mainstem of the York from the riverine end-member 
to the point of discharge into the Chesapeake Bay from October 1997 through October 
1998. All DOM samples were fractionated into low (< 5 kDaltons), medium (5-30 
kDaltons) and high (>30 kDaltons) molecular weight (LMW, MMW, and HMW, 
respectively) fractions and subsequently analyzed for the organic C, N and P contents of 
each fraction.
Over the one-year period of the study, total DOC (TDOC) ranged from 200-800 
pM; total DON (TDON) ranged from 16.5-24.4 pM; and total DOP (TDOP) was 
generally < 0.4 pM. Both TDON and TDOP often exceeded the concentrations of the 
inorganic forms of N and P by significant factors throughout the estuary. The DOC and 
DON pools were dominated at all times by the LMW fraction (typically greater than 80% 
of TDOC and 65-100% of TDON). In contrast, DOP was dominated by the HMW 
component, which comprised 100% of the TDOP on a number of occasions. Fluxes of 
total and size-fractionated DOC, DON and DOP, inorganic nutrients, and particulate 
organic C, N and P pools, were estimated in order to assess the riverine inputs, the 
estuarine sources, sinks, and biogeochemical processing, and the discharge to the coastal 
ocean of the major biogenic elements transported through the York River estuary. It was 
established that a strong internal source of TDOC existed at all times of the year in the 
estuary providing an average 3.4 x 105 ± 10.0 x 105 moles of C d'1 to the system. Mixing 
curves and flux calculations for DON and DOP suggested greater temporal and spatial 
variability in the internal sources and sinks, likely a result of seasonal changes in 
autotrophy and heterotrophy in different regions of the York.
Dark long-term (2-month) incubation studies, conducted in May, July and 
November 1999, allowed quantitative and qualitative estimates to be made of potential 
heterotrophic utilization of the total and different molecular weight fractions of dissolved 
organic C, N and P by the bacterial community in the York. The TDOC, TDON and 
TDOP pools were utilized to varying extents at the three sampling times, usually with 
concurrent increases in dissolved inorganic nitrogen and phosphorus (DIN and DIP, 
respectively). This was consistent with net microbial degradation of DOM over the 
timescales of transport and mixing in the system (~2 months). Size-fractionation of the 
TDOC pool during the incubation study showed that an average of 13 ± 10% of the initial 
HMW DOC was utilized with a concurrent increase in LMW DOC of 13 + 8% of the 
TDOC pool. Both TDON and TDOP also generally showed preferential utilization of the 
HMW vs. LMW components over the two-month incubation period.
This study is the first to evaluate simultaneously the distributions, fluxes, 
and utilization of the major dissolved organic biogenic elements in an estuarine system. 
The typically limiting nature of N and P at certain times of the year in this system was 
manifested in the unique distributions, fluxes, and turnover of DON and DOP compared 
to both DOC and inorganic N and P. Furthermore, it is apparent from this study that for
x
much of the year the dissolved organic forms of N and P are quantitatively much more 
important than the inorganic N and P. At such times, it may be predicted that estuarine 
productivity could be limited by the recycling of DON and DOP. Temperate estuaries 
are also likely to be significant sources of DOC, DON, and DOP to the coastal ocean, 
where they may serve as important forms of carbon, energy and nutrients for food webs 
there. It is concluded that the dissolved organic forms of carbon and the nutrient elements 
should not be overlooked if  a full assessment of C, N, and P cycling in estuaries and 
coastal waters is to be attained.
DISTRIBUTIONS, FLUXES, AND BACTERIAL UTILIZATION OF DIFFERENT 
MOLECULAR WEIGHT FRACTIONS OF DISSOLVED ORGANIC MATTER IN
THE YORK RIVER ESTUARY
INTRODUCTION AND BACKGROUND
Dissolved organic matter (DOM), with its constituent dissolved organic carbon 
(DOC), dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP), has 
been shown to be a quantitatively and qualitatively important pool of carbon and 
nutrient elements (Jackson and Williams, 1985; Loh and Bauer, 2000; Bronk, 2002;
Karl, 2002) as well as an essential component of the microbial food web in marine 
systems (Pomeroy, 1974; Nixon, 1981; Azam etal., 1983; Ducklow, 1991; Vallino et 
al., 1996; Carlson, 2002). Biogeochemically speaking, heterotrophic bacteria can serve 
both to remineralize carbon and nutrients during the degradation of organic matter and 
immobilize dissolved organic and inorganic elements through the production of new 
bacterial biomass (Nixon, 1981; Azam et al., 1983; Ducklow, 1983; Ducklow et al., 
1986; Kirchman et al., 1994, 1995; McCarthy et al., 1996, 1998; Hopkinson et al., 1997; 
Rich et al., 1997; Kirchman, 2000). Recent studies have shown that various components 
of DOM, such as dissolved amino acids, proteins, monosaccharides, and carbohydrates, 
especially those derived from phytoplankton, can serve as growth substrates for bacteria 
(Benner et al., 1992; Jorgensen et al., 1993; Keil and Kirchman, 1994, 1999; Middelboe 
et al., 1995; Rich et al., 1996; Nagata et al., 1998, Mannino and Harvey, 2000;
Williams, 2000; Kirchman, 2000, Cherrier and Bauer, submitted). However, our 
understanding of the bioavailability and utilization of the majority of DOM from both 
autochthonous and allochthonous sources by bacterial populations and subsequent 
higher trophic levels, and the timescales over which this occurs, is incomplete 
(Pomeroy, 1974; Azam, 1983; Smith and McKenzie, 1983; McCarthy, 1996; Bianchi et
2
al., 1997; Guo and Santschi, 1997; Hedges et al., 1997; Hopkinson et al., 1997; Benner, 
2000; Carlson, 2000). This is particularly true in estuarine and ocean margin systems 
where the sources of DOM are typically more numerous, and the cycling of biogenic 
elements is more dynamic, than in the open ocean.
Molecular Weight Separations and Distributions of Seawater DOM
The technique of ultrafiltration has become an increasingly common method 
for isolating DOM in marine environments (Carlson et al., 1985; Benner et al.,
1992, 1997; Santschi et al., 1995; Bauer et al., 1996; Buesseler et al., 1996; Guo 
and Santschi, 1996; McCarthy et al., 1996; Loh, 1999). Ultrafiltration has been used 
to identify molecular weight distributions, bulk chemical characteristics and 
transport and residence times of DOM fractions in the open and coastal oceans 
(Benner et al., 1992; Guo et al., 1994,1995; McCarthy et al., 1996,1997; Bianchi et 
ah, 1997; Guo and Santschi, 1997; Sun et al., 1997; Hopkinson et al., 1998).
However, the technique has thus far received limited application in studies of 
organic matter sources and cycling in riverine and estuarine systems (Amon and 
Benner, 1996; Gardner et al., 1996; Guo et al., 1997; Hedges and Benner, 1997;
Moran et al., 1999; Mannino and Harvey, 2000). Our understanding of the sources 
and fates of terrestrial, riverine, estuarine and marine sources of organic matter in 
estuaries would likely benefit from similar studies of organic matter separation and 
characterization.
In open ocean settings, where most ultrafiltration studies have been 
conducted, low molecular weight (LMW) DOM (quantified as DOC), typically
3
defined as material < 1 kDalton (kDa) molecular weight (MW), dominates open 
ocean total DOM (TDOM) distributions, ranging from -65-80% of the total DOM 
(Carlson et al., 1985; Amon and Benner, 1994, 1996). The high molecular weight 
(HMW) fraction, also called ultrafiltered DOM or UDOM, and typically defined as 
material >1 kDa MW, comprises a smaller percentage (~ 20-34%) of the total DOM 
(TDOM) (Carlson et al., 1985; Amon and Benner, 1994, 1996; Guo et al., 1994; 
Benner et al., 1997). Deep oceanic waters contain correspondingly less TDOM 
than surface ocean water, and HMW material comprises more of the total in surface 
water (30-35%) than in deep (-20-25%) water (Guo and Santschi, 1996; Benner et 
al., 1997). Benner et al. (1992) found that ocean surface water appears to contain 
both labile and refractory DOM based on bulk chemical characteristics (elemental, 
carbohydrate and carbon-type compositions), whereas the deep ocean sequesters 
predominantly refractory materials. A significant fraction of the DOM in ocean 
surface waters is comprised of polysaccharides with lower percentages (-25 %) in 
deep water (Benner et al., 1992; McCarthy et al., 1996). These findings suggest that 
the LMW DOM fraction, although quantitatively more significant in the open 
ocean, is also more refractory than HMW DOM (Benner et al., 1997). However, 
studies of open ocean DOM and UDOM may not be relevant for assessing the 
characteristics and bioreactivity of DOM in terrestrially impacted and energetic 
estuarine systems (Guo and Santschi, 1997; Sun et al., 1997; Hopkinson et al.,
1998; Moran et al., 1999; Mannino and Harvey, 2000; Raymond and Bauer, 2000; 
Raymond and Bauer 2001b).
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Reactivity of Riverine and Estuarine DOM
Riverine and estuarine systems are typically influenced to a significant extent 
by inputs from land and may be a source of terrestrial DOM to the coastal and open 
oceans (Meyers-Schulte and Hedges, 1986; Moran et al., 1991; Bianchi et al., 1997; 
Hedges and Benner, 1997; Hopkinson et al., 1998; Opsahl and Benner, 1999). 
Estimates of riverine DOM exported to estuarine and coastal systems range from 
~0.2 to 1 x 1015 g C yr'1 (Kempe, 1979; Schlesinger and Melack, 1981; Meybeck, 
1982; Hedges, 1992). While the importance of this flux of organic carbon, and 
associated nitrogen and phosphorous, to estuarine and coastal food webs is poorly 
understood, it has been generally assumed historically that riverine DOM is in effect 
highly refractory and unavailable for bacterial metabolism over the timescales of 
estuarine mixing, burial or discharge (Ittekot and Laane, 1991; Schultz, 1999; 
Ducklow et al., 2000; Boyd et al., submitted manuscript).
It has been reported for a number of coastal marine and estuarine systems that 
LMW DOM of phytoplanktonic origin can be rapidly remineralized (Kepkay et al., 
1993; Keil and Kirchman, 1994; Biddanda and Benner, 1997; Biersmith and Benner, 
1998). In contrast, a significant amount of river-borne HMW material may be 
refractory and transported to the coastal ocean, rather than utilized by bacterial 
populations over the time frame of estuarine mixing (Munster and Chrost, 1990; 
Ittekkot and Laane, 1991; Hedges et al., 1994; Moran et al., 1991; Schultz, 1999; 
Raymond and Bauer, 2000; 2001a). Recent studies also indicate that certain HMW 
components, such as polysaccharides, may be rapidly utilized by coastal and 
estuarine bacterial populations (Amon and Benner 1994, 1996; Guo and Santschi,
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1997; Mannino and Harvey, 1997; Sun et al., 1997). Amon and Benner (1996) 
found peak bacterial abundance, respiration, and leucine incorporation to be 2-6 
times higher in incubations containing HMW than LMW DOM in riverine, estuarine 
and oceanic environments. Bacterial growth efficiency was concomitantly lower in 
the HMW DOM fraction than in the LMW DOM fraction suggesting that LMW 
materials were more susceptible to hydrolytic attack by bacterial enzymes. These 
workers proposed that DOM reactivity depends not only on molecular “size” but, 
more importantly, also on the diagenetic age or freshness of the material (Fig.l).
This conclusion is based on observations that the diagenetic state of organic matter is 
related to the bioreactive nature of its component size fractions. That is, fresh labile 
macromolecules are rapidly biodegraded during early diagenesis while LMW 
materials are accumulated and preserved as a by-product of degraded HMW DOM.
Guo et al. (1996) further observed that amounts and percentages of HMW 
DOM decreased from river to coastal ocean to open ocean waters, and from surface 
to deep waters in the open ocean. These workers concluded that inputs of terrestrial 
DOM could be important sources of HMW organic matter to the ocean and that the 
relative decrease of HMW organic matter, both offshore and with depth, may be 
indicative of its reactivity. Previous work pertaining to riverine and estuarine DON 
and DOP is limited. The distributions and reactivity of DON and DOP, especially as 
part of the UDOM in these environments, have not previously been evaluated.
6
Figurel. Amon and Benner’s (1996) size-reactivity continuum model. Arrow 
represents gradient from bioreactive to refractory DOM. The size of the dots is 
representative of the molecular “size” of the DOM. The distribution suggests that HMW 
DOM is more reactive than LMW DOM.
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GOALS AND HYPOTHESES
The primary goal of this project was to characterize the DOM in the York River 
estuary (Virginia) by elemental composition, molecular weight fractionation and 
bioavailability of selected molecular weight fractions. The study was also designed 
to evaluate changes in total DOC, DON, and DOP relative to dissolved inorganic 
nitrogen and phosphorus (DIN and DIP, respectively) during transport and mixing in 
a temperate estuary. Relationships of DON and DOP relative to DIN and DIP were 
further evaluated during microbial remineralization incubation studies.
The following three major hypotheses were evaluated in order to address some of 
the key unanswered questions about organic C, N and P inputs, processing, and 
transport within temperate river and estuarine systems in general, and the York River 
estuary, specifically:
1) Hypothesis 1. Distributions and fluxes of total and size-fractionated organic 
elemental distributions (DOC, DON and DOP) and dissolved inorganic nutrient 
distributions (DIN and DIP) vary temporally and spatially throughout the York 
River estuarine system as organic and inorganic forms are supplied to and 
removed from the system by different biological and physical mechanisms.
2) Hypothesis 2. The elemental ratios (C:N, N:P, and C:P) of each of the 
organic size fractions increase during estuarine transport, as the most nutrient- 
rich components are utilized preferentially by the bacterial community and DOM 
is transformed into lower molecular weight fractions or regenerated to inorganic
constituents. The DOM fractions are predicted to exhibit absolute and relative 
changes through the estuary due to reworking of labile DOM into more 
refractory constituents, and in conjunction with remineralization of labile 
estuarine derived labile compounds (i.e., from autochthonous production).
3) Hypothesis 3. During time series dark incubations, the HMW DOM fraction 
of fresh terrestrial origin decreases over time relative to the MMW and LMW 
fractions due to preferential utilization of the fresh HMW DOM and subsequent 
accumulation of more refractory and reworked MMW and LMW DOM.
METHODS and MATERIALS 
Study Site
The York River estuary is a partially mixed, salt-wedge sub-estuary of the 
lower Chesapeake Bay (Figure 2). Two upland rivers, the Pamunkey and the 
Mattaponi, feed and converge to form the York River estuary at West Point, Virginia 
(~ 48 km from the mouth of the river). The average annual freshwater discharge to
3 1the York from these two rivers has been reported as 67.9 m s " over the last 20 
years (Hyer, 1977; USGS, 2001). The Pamunkey, with a drainage area of 417 km2, 
supplies 60-75% of the total flow to the York. The Mattaponi has a drainage basin of 
232 km2 and supplies the remaining 25-40% of the freshwater to the York. The 
Pamunkey and Mattaponi Rivers have similar land uses, with ~1% urbanized, ~19- 
24% agricultural and ~68-69% forested (USGS, 2001). These rivers are considered 
relatively pristine, with little industrial activity and moderate agricultural activity in 
their watersheds (Bender, 1986).
9
Figure 2. Study Site -  The York River sub-estuary system of the Chesapeake Bay, 
Virginia. Station 1 was located at the mouth of the York River. Station 9 was 
located at the upper reaches of the Pamunkey River. Stations 2-8 were spaced by ~2 
salinity unit intervals.
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From October 1997 to October 1998, when transect samples were collected, 
total annual freshwater flows from the Pamunkey River and Mattaponi River were
' i  i
higher than the average, with a combined stream flow of 71 m sec' as compared to 
a 56-year average of 45.3 m3sec'1 (USGS, 2002) (Appendix A). Samples for the 
incubation studies were collected in May, July and November 1999 when the
■j i
average monthly flow from the Pamunkey River was 6 m sec' . Freshwater 
discharge from the Pamunkey River in 1999 was unusually low compared with the 
monthly averages for the years 1987-2001 (13.3 m3 sec'1) (USGS, 2002)(Appendix 
A).
The York River estuary system is considered weakly eutrophic, with the 
potential for intensified eutrophication over the next decade due to anthropogenic 
nutrient loading to the system from increased population growth and land conversion 
to agricultural use (Corish et al., 1995; Sin et al., 1999). The York typically 
experiences two phytoplankton blooms annually. In the upper reaches of the system, 
a phytoplankton bloom occurs in the late summer. In the transition zone, a small 
bloom occurs in the late winter/early spring followed by a more intense late summer 
bloom, while the lower estuary bloom is more intense in the late winter/early spring 
than in the summer (Sin et al., 1999). The intensity and location of the winter-spring 
bloom is more variable, and is directly related to the magnitude of river discharge 
(Sin et al., 1999). Primary production in the York is also zonal in nature with 
nutrient limitation being dependent on seasonal variability as well as river discharge 
rate (Sin et al., 1999; Schultz, 1999).
Potential sources of autochthonous and allochthonous DOM and UDOM to
11
estuarine systems are numerous. These include: 1) phytoplankton exudation and 
decay, 2) leakage from small cells with large surface:volume ratios, 3) viral lysis of 
bacteria and phytoplankton, 4) grazing of phytoplankton and bacterioplankton, 5) 
terrestrial run-off, 6) photo-oxidation, 7) fluxes from sediments, and 8) fringing 
marsh input (Moran et al., 1991; Bender and Biddanda, 1998; Fenchel et al., 1998; 
Hopkinson et al., 1998; Raymond, 1999; Mannino et al., 2000). In the York River 
estuary, allochthonous sources of DOM and UDOM include freshwater inflow from 
the Mattaponi and Pamunkey Rivers, forested wetlands, marshes, agricultural run-off 
and possibly discharge from a paper plant at the confluence of the Pamunkey and 
Mattaponi Rivers (Sin, 1999; Raymond et a l, 2000). DOM introduced from the 
watershed to the York is relatively young (20-30 years in age) while the particulate 
organic matter (POM) introduced into the system from terrestrial sources is on the 
order of hundreds to thousands of years old, as is DOM from groundwater 
(Raymond and Bauer, 2001a).
Field Sampling - Transect Study
For studies of DOM and nutrient distributions, the York was sampled nine 
times during October 1997 through October 1998, at nine stations from the mouth 
(S=l 7.0-27.3) up the Pamunkey River to lowest achievable salinity (S=0.1-0.5) (Fig.
2). The Mattaponi River was not sampled. Stations were designated by salinity 
rather than specific site, to ensure that the salinity distribution of the system was 
sampled uniformly during each field collection. Samples were typically collected at 
salinity increments of ~ S=2. Samples were collected by submerging a
12
pre-cleaned 20-liter polycarbonate carboy, mouth-first to avoid surface micro-layer 
contamination, to ~ 0.5 meters below the surface and inverting it until it was 
approximately half full. The sample was filtered in the field by pumping it 
peristaltically through acid-washed silicone tubing connected to a filter holder with a 
47 mm diameter, 0.7 pm glass fiber filter (GF/F) which had been pre-washed and 
pre-combusted at 550° C. The sample was filtered in triplicate acid-washed, pre­
combusted 125 ml amber bottles (550° C for four hours) with acid-washed teflon- 
lined caps (Fig.3). This sample represents the total dissolved fraction. One of the 125 
ml bottles of filtered water was designated for the analysis of total dissolved organic 
carbon (C), nitrogen (N) and phosphorous (P) and dissolved inorganic C, N, and P.
A second 125 ml amber bottle was used for UDOM size fractionation of the 
dissolved organic C, N, and P and the third bottle provided a spare aliquot of sample 
for archiving. A minimum of one sampling replicate, for quality control purposes, 
was collected during each transect sampling. All samples were stored on ice at 4°C 
in the dark and transported back to the laboratory where they were immediately 
frozen at -20°C until analysis. A volume of the unfiltered water was also collected in 
an acid washed polycarbonate container and transported back to the laboratory for 
processing of particulates, which included total suspended solids (TSS), particulate 
organic carbon and particulate nitrogen (POC and PN respectively), particulate 
phosphorous (PP) and chlorophyll a. Two filters (47 mm GF/F) for TSS and PP 
analyses and four filters (13 mm GF/F) for POC and PN analyses were pre-washed
13
Figure 3. Sampling and size fractionation procedures for the 1997-1998 transect 
study. See text for details.
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and pre-combusted prior to use. Tare weights were recorded for TSS filters.
Samples for chlorophyll a analysis were collected on a 47 mm GF/F without 
pretreatment. Volumes filtered for all sample filtrations were documented and the 
filters stored at -20°C. At each site, standard in situ measurements included salinity, 
pH and temperature. Winkler titrations for dissolved oxygen determinations were 
performed by fixing the sample with manganous chloride (MnCb * 5 H2O) and 
alkaline iodide (KI and KOH) in the field and titrating back at the laboratory with 
0.01N thiosulfate solution (Na2S2C>3 * 5 H2O).
Field Sampling - Incubation Study
In May, July, and November of 1999, samples were collected for evaluation 
of potential microbial DOM utilization. During each of the three sampling events, 
samples were collected at three or four stations along the salinity gradient from -0.5 
meters below the surface. Two liters of sample were filtered through pre-washed, 
pre-combusted 0.7 pm, 47 mm GF/Fs into each of two pre-cleaned (soaked in 10% 
HC1 for seven days and rinsed 6 times with ultra pure water) 2.5 L polycarbonate 
incubation vessels for duplicate incubations. These samples were stored on ice in the 
dark and transported back to the laboratory. Portions of water were also filtered in 
the field into three separate acid-washed, pre-combusted 125 ml brown amber bottles 
as time zero samples. A separate unfiltered water sample was stored on ice in the 
dark and taken back to the laboratory to filter for particulates according to the same 
procedures as in the transect study. At each site, in situ measurements included
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salinity, pH, temperature and dissolved oxygen, which were measured using methods 
previously detailed for the transect study.
In the laboratory, each 2.5 L polycarbonate incubation vessel, previously 
prepared in the field, was incubated in the dark at 20°C for all incubations conducted 
during this study. Therefore, changes in DOM utilization reflect potential 
differences in relative bioavailability to microbial populations because temperature 
was controlled. Incubation vessels were sub-sampled at time intervals of 8  and 24 
hours, 3, 7 , 14 , 28 , and 60 days. Sub-samples (20 ml) were withdrawn for total 
dissolved organic C, N, and P and dissolved inorganic C, N, and P analysis and 
stored in 40 ml acid-washed, pre-combusted vials with Teflon-lined caps. Twenty- 
milliliter sub-samples were also collected as above for each size-fractionation (5 kDa 
and 30 kDa) of UDOM (see below). All sub-samples were frozen at -20°C until 
analysis (Fig. 4). After completion of sub- sampling from the vessels at the 2-month 
point, approximately 1 .6  liters of the original 2 -liter sample remained in the vessel.
Size Fractionation of DOM
Frozen samples from both the transect and the incubation studies, were 
thawed and subsequently fractionated into three operationally defined molecular 
weight classes using centrifugal ultrafiltration concentrators (Centricon Plus 20 
concentrators; Amicon Corp.). High molecular weight (HMW) DOM was defined as 
that part of the TDOM which passed through a 0.7 pm glass fiber filter but not 
through a 30 kDa concentrator. Medium molecular weight (MMW) DOM was that 
fraction passing through a 30 kDa concentrator but not through a 5kDa concentrator.
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Figure 4. Sampling and size fractionation procedures for the 1999 incubation study. 
See text for details.
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The low molecular weight (LMW) fraction was defined as that fraction passing 
through the 5kDa concentrator (i.e., <5kDa).
The centrifugal concentrators required rigorous pre-cleaning prior to use due 
to preservation with glycerol. The concentrators were rinsed a minimum of 5 times 
with ultrapure deionized water, followed by soaking overnight at 4°C in 0.10 N 
Optima HC1 acid (Fisher brand). After a minimum of 24 hours, the concentrators 
were again flushed with ultrapure, deionized water using centrifugation at 2 0 0 0  rpm 
for 15 minutes. This was performed a minimum of 5 times. The final rinse was at 
2 0 0 0  rpm for 2 0  minutes to ensure that no residual water was left in the concentrator. 
Fifteen milliliters of sample was then transferred to the concentrator and centrifuged 
for 20 minutes at 2000 rpm. Two blank concentrators of each size were analyzed by 
centrifuging ultrapure water through the concentrator to determine if any residual 
contaminant was present. Fractionated samples and associated blanks were 
immediately analyzed for DOC and prepared for analysis of total dissolved nitrogen 
(TDN) and total dissolved phosphorus (TDP) by alkaline persulfate digestion.
A study designed to evaluate the potential artifacts of sample freezing on the 
molecular weight distributions of the DOC, DON and DOP pool, was performed. A 
York River sample (S=7) was processed in triplicate through 5kDa and 30kDa 
Centricon/Centriprep Amicon filters and analyzed immediately after sample 
processing and then again at the end of the laboratory analysis portion of this study 
(three years). A single factor ANOVA test was used to evaluate whether 
concentrations changed as a function of freezing time. The results of the ANOVA
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showed no significant difference in DOC, TDN and TDP in each of the molecular 
weight fractions (P >0.05).
Analytical Measurements
Dissolved Organic Carbon
The DOC concentrations of all size fractions <0.7 jam were determined using 
a Shimadzu model TOC-5000 total organic carbon analyzer. The DOC was 
quantified by oxidation of organic carbon and detection of CO2 gas using a non- 
dispersive infrared detector using a linear calibration curve prepared from standards 
of potassium biphthalate in ultra-pure water (Hansell, 1993; Williams et al., 1993). 
Water samples were acidified to pH 2, using a 10% solution of Optima purity HC1 
(Fisher Brand), purged with ultra-high purity air for six minutes to remove dissolved 
inorganic carbon, and then injected onto a platinum catalyst at 680°C. Typical 
precision for estuarine DOC was + 14.2 pM (Coefficient of Variation = 5%).
Dissolved N  and P
The TDN and TDP concentrations in each size fraction were determined 
simultaneously using the alkaline persulfate digestion method (Grasshoff et al.,
1976, 1999). Five milliters of sample were transferred to pre-cleaned (10% HC1 
rinsed) and pre-combusted 20 milliliter glass ampoules. Combined digestion reagent 
(0.5 milliliters) prepared from 5 g of potassium persulfate, 1.5 g of sodium 
hydroxide and 3 g boric acid (in 100 ml ultra-pure deionized water) was dispensed 
into the ampoule. The ampoule was flame sealed immediately and the sample was 
digested in an autoclave for 1 hour at 121°C and ~ 2  psi. After cooling, the total
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dissolved nitrogen, as NO3’ + NO2 produced from oxidation of TDN, was analyzed 
by the cadmium reduction method (Grasshoff et al., 1976,1999; Skalar Instruments, 
Instruction manual). The ascorbic acid method (Grasshoff et al., 1976, 1999; Skalar 
Instruments, Instruction manual) was used to quantify the dissolved inorganic 
phosphorous (DIP) as O-PO4 'produced from the oxidation of TDP. All analytes 
from the digested and undigested samples were measured using a SanSun Plus II 
autoanalyzer.
DIN is defined as the sum of dissolved nitrate, nitrite and ammonium 
concentrations present. Colorimetric methods, as described above, were used to 
determine ambient NO3' + NO2" and ortho-PCU3' present in samples. Ammonium 
was also measured colorimetrically by autoanalyzer using the modified Berthelot 
phenate method (Grasshoff et al., 1976, 1999) in order to establish the total DIN 
concentration of the sample. Typical precisions for inorganic N and P analyzed by 
these methods were as follows: NO3 + NO2’ ± 0.057 pM; NTLf +0.107 pM; ortho- 
PO4 ‘ + 0.0171 pM. Dissolved organic nitrogen and phosphorous for each fraction 
were determined by difference as:
DON = TDN -D IN  (Eq. 1)
DOP = TDP -  DIP (Eq. 2)
Particulate Organic Carbon (POC) and Particulate N  and P
Particulate organic carbon (POC) and particulate nitrogen (PN), retained on 
duplicate 13 mm diameter, 0.7 pm glass fiber filters, were measured by acidifying 
the filters with 2 drops of 6 N ultra-high purity HC1, and drying at 65°C for a
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minimum of 12 hours. Analysis of the filters was performed by high temperature 
combustion using an Exeter Analytical Model 440 CHN elemental analyzer. 
Standards of atropine were used to calibrate the instrument for C and N.
Particulate phosphorus was determined by combustion of the 0.7 pm glass 
fiber filter at 550°C for two hours prior to extracting the PP from the filter with 20 
ml of IN HC1 acid. The extract was analyzed according to the ascorbic acid method 
(Grasshoff et al., 1976, 1999; Skalar Instruments, Instruction manual) using the 
SanSun Plus II autoanalyzer.
Chlorophyll a and Total Suspended Solids
For chlorophyll a analysis, a 47 mm diameter, 0.7 pm GF/F was ground 
using a tissue grinder with 2 ml of 90% acetone solution. The pestle and sides of the 
grinding tube were rinsed down with an additional 10 ml of 90% acetone. The 
samples were left to extract overnight in the dark at 4°C and analyzed 
spectrophotometrically at four different wavelengths: 750 nm (for turbidity blank 
correction), 664 nm, 647 nm and 630 nm for biomass absorbance spectra. In order 
to correct for phaeophytin, the sample extract was also acidified with two drops of 
IN HC1 and reanalyzed at 750 nm and 664 nm. The corrected chlorophyll a 
determination was calculated using the monochromatic equation (Parson et al.,
1984) as follows:
Chlorophyll a (mg/m3) = 26.7 [(6640 -  750o) -  (664a-  750a)] x v
___________________________  (Eq.3)
V x  1
Where, 6640 and 750o are the absorbances at 664 nm and 750 nm
respectively, before acidification,
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664a and 750a are the absorbances at 664 nm and 750 nm 
respectively, after acidification, 
v is the volume of the acetone extract (ml),
V is the volume of water filtered (L); and 
1 is the pathlength in cm of the cuvette
Total suspended solids (TSS) were determined by filtering an aliquot of 
sample through a pre-weighed, combusted 47 mm diameter, 0.7 pm glass fiber filter. 
Filters were rinsed with three 30 ml aliquots of high purity water to remove residual 
salt after sample filtration. Filters were dried at 104°C overnight and reweighed. 
Calculation of TSS was as follows:
TSS (mg/L) = Final wt @ 105° C (g) - Initial wt fg) x 1000 (mg/g) (Eq.4)
Volume filtered (L)
The mean precision for this analysis is ± 1 mg/L .
Data Analysis and Modeling
Mixing curves of total dissolved organic matter (DOC, DON and DOP), 
dissolved inorganic nutrients (DIN, DIP) and ultrafiltered DOM (UDOC, UDON and 
UDOP) were constructed to determine if a given constituent was conservative in 
nature or if there was a source or sink for it in the York River estuary. Concentration 
values falling above the conservative mixing line characterize the system as a source
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for a given component (i.e., produced internally) while values falling below the 
conservative mixing line identify a sink for that particular constituent.
The DOM, UDOM, DIN and DIP distributions, from the transect study were 
analyzed according to the model presented by Kaul and Froelich (1984) and applied 
by Raymond (1999) and Raymond and Bauer (2001a). This model allows for 
quantitative analysis of dissolved organic and inorganic fluxes into, within, and out 
of the estuary in order to predict fluxes to the coastal ocean. Using linear mixing 
graphs, with salinity as the conservative tracer, removal, input or conservative nature 
may be expressed using simple polynomial equations. Analysis of the dataset in this 
manner will ideally quantify fluxes and mass balances for the solutes of interest into 
and out of the zone of estuarine mixing. Kaul and Froelich’s (1984) model was 
chosen to assess these fluxes in the York River estuary system because the data 
collected satisfies the conditions for which this model is best applied; that is, the 
environment is relatively pristine, and both spatial and temporal data are available.
The net fluxes (F) of the dissolved constituents of interest (UDOC, N and P, 
total DOC, N and P, and DIN and DIP) past a given salinity isopleth can be 
established by the following equation:
F= R(C-S(dC/dS)) (Eq.5)
where F= net flux (pmoles d '1)
C= concentration (pM) of the dissolved constituent at a given salinity 
value
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3 1R= river discharge (m d‘ )
S  = salinity
A polynomial equation is used to calculate Cs, which is the y-intercept of the 
tangent (dC/dS) to the concentration vs. salinity curve where salinity is the highest 
(the seawater end-member), and C0 is the concentration at which the curve intersects 
the y-intercept (the riverine end-member). The fluxes are then defined, as:
Influx from freshwater (pmoles d '1) = C0 x R  (Eq.6 )
Internal Flux (pmoles d '1) = (Cs -  C0) x R (Eq.7)
Efflux from system (jamoles d '1) = Cs x R (Eq.8 )
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RESULTS 
Transect Study
A spatio-temporal representation of solute distributions from the nine transect 
sampling events is shown in Figures 5-7 a-i. Each transect included a characterization of 
DOC, DON and DOP, and the three molecular weight fractions of each. Concentrations 
of DIN and DIP are represented in Figures 6  and 7, respectively.
Dissolved Organic Carbon
Over the one-year sampling period, there was an apparent continuous internal flux 
of DOC to the York River estuary, as indicated by the mixing curves for each transect 
(Figs. 5a-i). Total DOC (TDOC) concentrations were highest in late fall and winter 
(October -  December), often exceeding 600 pM C (Figs. 5a,b,i). Concentrations of 
TDOC in spring and summer months were in the range of 200-500 pM C (Figs. 5c-h). 
With the exceptions of December-97 (Fig. 5b) and October-98 (Fig. 5i), riverine DOC 
concentrations exceeded those at the distal end of the estuary at each sampling time 
(Table 1). Moreover, the riverine (lowest salinity) TDOC concentrations were 
significantly higher (p=0.015, paired t-test) than the high salinity TDOC levels 
throughout the transect study. The grand average riverine TDOC concentration was 427 + 
60 pM C; (n=9), while the high salinity end member concentration averaged 317+142 
pM C; (n=9) (Table 1). However, the convex curvature indicated additional sources of 
DOC within the estuary throughout the year.
Figures 5a-i also show the DOC size fractions quantified throughout the transect 
study in the York River estuary. Low molecular weight material was consistently the 
dominant fraction of DOC throughout the study period, ranging from 77 - 98% of the
25
Figure 5 a-i. Distributions of dissolved organic carbon in the York River estuary during 
the transect study period, 1997-1998. Error calculations for each analyte during the transect 
study are calculated for each sampling event (Appendix B). One field duplicate was 
analyzed for each constituent per sampling event.
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Figure 6  a-i. Distributions of dissolved organic and inorganic nitrogen in the York River 
estuary during the transect study period, 1997-1998. See Appendix B for error 
calculations.
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Table 1. Total dissolved organic carbon, nitrogen and phosphorus concentrations 
entering the York River estuary from the Pamunkey River and discharged from the 
mouth of the estuary to Chesapeake Bay during the one-year sampling period.
Date Riverine
TDOC
(pM)
(Head)
High 
Salinity 
TDOC (pM) 
(Mouth)
Riverine
TDON
(pM)
(Head)
High 
Salinity 
TDON (pM) 
(Mouth)
Riverine
TDOP
(pM)
(Head)
High 
Salinity 
TDOP (pM) 
(Mouth)
Oct-97 327 210 16.6 16.9 0.10 0.23
Dec-97 536 608 22.0 19.2 0.28 0.15
Apr-98 413 252 23.4 18.8 0 0.03
May-98 467 249 24.4 17.4 0.44 0.22
Jun-98 388 246 22.2 19.4 0.85 0.54
Jul-98 377 250 24.2 22.1 0.24 0.37
Aug-98 440 250 23.1 20.7 0.25 0.30
Sept-98 442 266 23.7 23.5 0.26 0.29
Oct-98 450 521 21.3 21.7 0.27 0.49
Average 427 317 22.3 20.0 0.30 0.29
Std. Dev. 60 142 2.4 2.2 0.24 0.16
total DOC present. The HMW fraction of DOC ranged from non-detectable in October-
97 (Fig. 5a), May-98 (Fig. 5d), June-98 (Fig. 5e) and August-98 (Fig. 5g) to as high as 
109 jliM C in December-97 (Fig. 5b). The MMW fraction remained low in concentration 
throughout the sampling cycle, generally < 30 pM C (Figs. 5a-i). An example of the 
percentage distribution of DOC molecular weight fractions is shown in Figure 8 a.
Dissolved Organic and Inorganic Nitrogen
Total DON (TDON) generally dominated the dissolved nitrogen pool (61 of 70 
sampling points) during the transect study (Figs. 6 a-i). In December and April, DIN 
concentrations were similar to TDON concentrations throughout the transect (p>0.05, 
paired t-test) and also at the head of the estuary in May and June. Concentrations of 
TDON ranged from a low of 13.6 pM N in December-97 (Fig. 6 b) to a high of 31.3 pM 
N in October-98 (Fig. 6 i). The distributions of TDON suggest that there were internal 
fluxes within the estuary during the fall (Figs. 6 a and g-i), and they underwent seasonal 
transitions to internal losses of TDON from December-97 through June-98 (Figs. 6 b-e). 
Subsequently a TDON source was observed again from August through October of 1998 
(Figs. 6 g-i). These findings demonstrate a winter to summer loss of TDON within the 
system and an internal flux to the estuary from summer through early fall. As with 
TDOC, riverine TDON concentrations exceeded significantly those at the mouth of the 
estuary (p=0.019, paired t-test), with the exceptions of October-97 (Fig. 6 a) and October-
98 (Fig. 6 i) when the high salinity and riverine end member concentrations were similar 
(Table 1). The grand average riverine TDON concentration was 22.3 + 2.4 pM N; (n=9), 
while the high salinity end member concentration averaged 20.0 + 2.2 pM N; (n=9) 
(Table 1).
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Figure 8 . An example of the typical HMW, MMW and LMW fraction distributions as 
percentages of the total a.) DOC, b.) DON and c.) DOP along the salinity gradient of 
the York River estuary in April 1998.
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Dissolved inorganic nitrogen (DIN) in the York River estuary displayed a 
seasonal pattern of enrichment and depletion. From late fall through early spring 
(October-97 -  April-98), DIN concentrations throughout the estuary were consistently >5 
pM N, averaging 15.5 + 4.8 pM N (n=23) indicating that there was a source of DIN 
within the York from fall through early spring (Figs. 6 a-c). During May and June of 
1998 (Figs. 6 d,e), the river water had the greatest DIN concentrations (5-20 pM N), but 
DIN steadily declined from a salinity of ~5 to the high salinity end member indicating 
that the estuary was a sink for DIN during spring and summer (Figs. 6 d,e). In July-98 
(Fig. 6 f), the entire estuary had relatively low concentrations of DIN (<3 pM N) 
compared to all other sampling times. An internal source resulted in DIN concentrations 
of 5-10 pM N in the mesohaline zone during August-98 while the end members remain 
depleted (Fig. 6 g). In September and October-98 (Fig. 6 h,i), the low salinity region ( S= 
~2-8) of the York was an apparent sink for DIN in the surface waters, whereas the high 
salinity region was an apparent source of DIN with concentrations greater than 5.0 pM N. 
In contrast to the seasonal fluctuations observed for DIN, DON remained abundant over 
the entire year throughout the York, ranging in concentration from 13.6 to 31.3 pM N 
(Figs. 6 a-i).
Similar to TDOC, LMW material regularly dominated the DON pool, ranging 
from 55-89% of the total. Concentrations of LMW DON throughout the transect study 
and over the salinity range of the estuary during each sampling event averaged 15.0 + 3.5 
pM N (n=81)(Figs. 6 a-i). The HMW DON averaged over the entire study was 3 + 2.1 
pM N, while the MMW DON averaged 1 + 1.8 pM N (n=81) (Figs. 6 a-i). An example of 
the relative distribution of DON molecular weight fractions is shown in Figure 8 b.
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Dissolved Organic and Inorganic Phosphorus
Total DOP (TDOP) distributions in the York River estuary from October-97 
through October-98 are presented in Figures 7a-i. The mixing curves show that for each 
of the nine sampling events, TDOP concentrations at the two end members (riverine and 
high salinity) were comparatively higher than at intermediate salinities (p=0.004, paired 
t-test)(Figs. 7a-i). Total DOP was characterized by strong seasonal variability with 
initially low concentrations (<0.2 pM P) during October-97, gradually increasing 
throughout the winter and spring and reaching a maximum during July-98 (Figs. 7d-f). 
After July, TDOP then decreased again to an average concentration of 0.21 +0.1 pM P 
(n=26) for the remainder of the year (Figs. 7g-i). No significant difference in TDOP 
concentrations was identified when comparing the two end members (p=0 .8 6 , paired t- 
test) (Table 1 ).
Similar to DIN, DIP also had a strong seasonal component (Figs. 7a-i). The York 
had a robust internal source of DIP from late summer through fall and winter (see Figs. 
7a,b,f,g,h,i). At these times, internal DIP concentrations increased by as much as 1 pM P 
in mesohaline regions as demonstrated in October-97 (Fig. 7a) and September-98 (Fig. 
7h). In April through June-98 (late spring and early summer), DIP distributions were 
characterized by high freshwater concentrations (0.82, 0.67, and 1.02 pM P, 
respectively), with continuous decrease along the salinity gradient (Figs. 7c-e). Lowest 
DIP values were observed at the high salinity end member for April, May and June (0.09, 
0.05 and 0.11 pM P, respectively) (Figs. 7c-e) as well as at other times throughout the 
sampling period. In April-98 there was an apparent source of DIP at the head of the 
estuary, with conservative mixing throughout the remainder of the system all the way to
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the mouth. In May-98, the York was a clear sink for DIP; however, in June-98 DIP was 
nearly conservative in the estuary. In general, DIP and DOP were inversely related 
throughout the estuary during the months when the mixing curves showed a strong 
internal source or sink, but had a lesser tendency to follow this pattern when linear 
mixing occurred (Figs. 9a-d).
The HMW fraction dominated the TDOP pool, throughout the transect study and 
over the salinity distribution of the York River estuary, averaging 8 6  + 18.4% of the total 
pool (n=81) (Figs 7a-i). From October-97 through April-98 (Figs. 7a-c), there was no 
detectable LMW or MMW DOP present, even though the TDOP ranged from 0.07-0.36 
pM P. The only sampling times that each of the three molecular weight fractions (LMW, 
MMW and HMW) of DOP was present and simultaneously quantifiable were May-98 
(Fig. 7d) and Oct-98 (Fig. 7i). During May (Fig. 7d), the HMW DOP ranged from 0.08 
to 0.50 pM P. MMW material ranged from undetectable to 0.06 pM P, and LMW DOP 
ranged from undetectable to 0.09 pM P (Fig. 7d). In June-98 (Fig. 7e), there was no 
measurable LMW DOP present, but MMW DOP ranged from undetectable (at S = 0.1, 
2.1, and 1 1.4) to 0.23 pM P (at S = 8.1). The estuary was completely depleted of LMW 
and MMW DOP in August and September 1998 (Figs. 7g,h) even though concentrations 
of total DOP (as HMW DOP) again ranged from 0.02-0.30 pM P during those months. 
Figure 8 c illustrates the typical molecular weight distribution for DOP in the York River 
estuary.
Elemental Ratios
Distributions of DIN and DIP (Fig. 10) indicate that from October-97 through 
May-98 inorganic nitrogen was in excess relative to inorganic phosphorus. Thus, primary
33
Figure 9 a-d. TDOP and DIP concentrations during four months of the transect study. At 
times of strongest internal DIP sources and sinks, DIP showed an inverse relationship to 
TDOP.
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Figure 10. DIN'.DIP ratios in the York River estuary for the 1997-1998 transect study. 
Bold line represents Redfield ratio for N:P.
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production would be predicted to be DIP limited according to the Redfield ratio of 16 
(Fig. 10). In June-98, DIN:DIP in the freshwater zone (0-5 salinity units) of the York 
was ~ 20, exceeding the Redfield slightly (Fig. 10). At S>5, relative depletion of DIN 
was apparent with DIN:DIP in the range of 0-10:1 (Fig. 10). With few exceptions, DIN 
(at S>5) was low relative to Redfield for the remainder of the transect study (July-98 
through October-98). Over the nine sampling events, the DIN:DIP ratios indicated 
relative DIN depletion 44% of the time (n=81) (Fig. 10). When DIN was low in 
concentration relative to DIP according to Redfield, DON:DOP ratios indicated that 
organic N and P were present in relative proportions (Table 2) to potentially satisfy the 
requirements for production of Redfield organic matter, provided that DON and DOP 
were biologically available to phytoplankton either directly, or via closely coupled 
heterotrophic remineralization.
DOC:DON and DON:DOP ratios, along with inorganic nutrient ratios, were 
calculated at each sampling point over the one year period (Appendix C). Figures 1 la-i 
represent DOC:DON, DON.DOP and DIN'.DIP ratios for four seasonally distinct periods 
in the three major salinity zones of the York River estuary. For example, at a time of 
intense DIN depletion (July-98), when the DIN.DIP ratio did not exceed 4:1 anywhere 
throughout the estuary (Figs. 11 g-i), all stations had DON:DOP ratios >16:1 (DON:DOP 
ranged from 18:1 at S = 10.3 to 103:1 at S = 2.1). On a temporal and spatial basis, 
DOC:DON remained consistently high, or greater than 6.6:1 (Redfield ratio for C:N) 
throughout the transect study (Figs. 1 la-c). The DON'.DOP (Figs. 1 ld-f), like 
DOC.DON, was greater than Redfield throughout the entire sampling period. In the 
mesohaline zone, the high DON:DOP appeared to be a result of intense DOP depletion,
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Table 2. Months of intense DIN depletion (relative to Redfield’s ratio for N:P=16) and 
the relationship of dissolved inorganic nitrogen and phosphorus pools to the dissolved 
organic nitrogen and phosphorus pools in the York River estuary. (NA=Data not 
available)
Station
Jul-98 
DIN: DIP
Jul-98 
DON: DOP
Aug-98 
DIN: DIP
Aug-98
DON:DOP
Sept-98
DIN:DIP
Sept-98 
DON: DOP
Oct-98 
DIN: DIP
Oct-98
DON:DO
P
9
Mouth
NA NA 2 93 NA NA 65 79
8 2 102 2 154 30 92 2 401
7 4 81 4 258 3 122 2 92
6 NA NA 8 1537 3 129 1 116
5 1 22 8 250 5 136 7 69
4 1 18 8 212 3 185 7 62
3 1 20 3 304 5 128 9 89
2 NA NA 4 235 13 72 14 54
1
Head
3 22 3 69 17 82 37 45
Figure 11. DOC:DON, DON:DOP and DIN:DIP ratios in the York River estuary at four
times of the year. Redfield ratios are indicated by the dashed line.
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rather than DON enrichment. In these cases, DOP concentrations decreased to < 0.05 pM 
P and DON concentrations remained relatively invariant at 18-24 pM N (Appendix C).
In contrast to the consistently high DON.DOP ratios (Figs. 1 ld-f), DIN:DIP was low 
throughout the summer months (Figs. 1 lg-i), although July and August were the only two 
months in which the DIN:DIP ratio throughout the entire estuary, was below Redfield 
(Appendix C).
Particulate C, N  and P, Chlorophyll a, and TSS
Particulate results have been collated and presented in Appendix D.
Incubation Studies
Incubation experiments were performed on samples from low, intermediate and 
high salinity from the York River estuary in May, July and November 1999. Replicate 
incubations from each salinity zone were carried out for two months and sub-samples 
were collected at sequential time points throughout the incubation period. Each replicate 
sub-sample was analyzed for total DOC, DON, and DOP, the three size fractions of the 
organic pools, DIN and DIP. Replicate relative errors for each analyte are provided for in 
Appendix B.
DOC Utilization
Total DOC utilization for the three two-month incubation experiments ranged 
from 0.3% to 51% of the initial DOC present (Table 3), with the exception of the July 
high salinity incubation when an increase in DOC was observed. Initial freshwater DOC 
concentrations were 389, 458, and 652 pM C for May, July and November, respectively 
(Figs. 12 a-c). Utilization of DOC throughout the incubation study for this site was 6.4%
38
Table 3. Changes in dissolved organic C, N and P and inorganic N and P over a two- 
month incubation period during the months of May, July and November 1999. Values are 
reported as difference in concentration from the beginning and end of the incubation, and 
net percentage change (Anet) from the initial concentration. Associated relative error is 
for the mean of two replicate incubations. ______________________________________
Month/ A T D O C A T D O N A D I N A T D O P A D I P
Station (pM) (pM) (pM) (pM) (pM)
May
- 8  ±  1 4 * + 4 . 8  ± 0 . 1 7 - 3 . 4  ± 0 . 1 6 - 0 . 0 3  ± 0 . 0 1 3 + 0 . 0 1  ± 0 . 0 1 3
High
Salinity A n e t  = - 0 . 3 % A n e t  =  + 4 6 % A n e t  =  - 5 3 % A n e t  = - 4 . 7 % A n e t  =  + 7 . 6 %
May - 9 1 ±  1 2 - 5 . 6  ±  1 . 5 3 + 1 . 9  ± 0 . 0 7 - 0 . 4 8  ±  0 . 0 2 0 - 0 . 0 1  ±  0 . 0 2 0
Mesohaline A n e t  =  - 1 6 % A n e t  =  - 2 3 % A n e t  =  + 3 4 % A n e t  =  " 6 1 % A n e t  =  " 2 . 3 %
May - 2 5  ±  1 7 - 7 . 5  ±  1 . 8 6 * + 2 . 6  ± 0 . 1 4 - 0 . 0 9  ±  0 . 0 1 9 - 0 . 0 6  ±  0 . 0 0 9
Freshwater A n e t  =  - 6 . 4 % A n e t  =  “ 3 8 % A n e t  =  + 2 2 % A n e t  =  “ 3 0 % A n e t  =  - 1 7 %
July
+ 3 4  ± 1 5 - 1 . 6  ± 0 . 5 6 + 2 . 0  ± 0 . 3 1 - 0 . 1 5  ± 0 . 0 2 5 + 0 . 1 2  ± 0 . 0 1 8
High
Salinity A n e t  =  + 1 5 % A n e t  =  - 1 1 % A n e t  =  + 2 0 4 % A n e t  =  " 6 3 % A n e t  =  + 4 7 %
July - 1 6  ± 8 - 1 . 9  ± 0 . 6 3 + 2 . 9  ±  0 . 2 0 - 0 . 1 5  ± 0 . 0 0 3
+ 0 . 2 3  
+  0 . 0 1 7 *
Mesohaline A n e t  = - 4 . 0 % A n e t  =  " 9 . 6 % A n e t  =  + 1 6 7 % A n e t  =  - 1 0 0 %
A n e t  =  + 2 7 %
July - 9 1  ± 6 - 6 . 3  ±  0 . 3 7 + 1 . 2  ±  0 . 1 8 - 0 . 1 7  ± 0 . 0 1 9 - 0 . 0 7  ± 0 . 0 1 8
Freshwater A n e t  =  - 2 0 % A n e t  = "  2 7 % A n e t  =  + 1 1 8 % A n e t  =  - 2 7 % A n e t  =  - 4 4 %
November
- 1 6 0  ± 1 7 - 3 . 2  ± 0 . 9 2 + 1 . 1  ± 0 . 2 2
- 0 . 2 5
± 0 . 0 1 7 *
+ 0 . 2 0
± 0 . 0 1 7 *
High
Salinity A n e t  = - 4 0 % A n e t  = - 1 8 % A n e t  =  + 2 3 %
A n e t  =  " 4 2 % A n e t  =  + 5 6 %
November - 4 1 6  ± 1 4 *
- 1 0 . 4
± 1 . 8 6 *
+ 3 . 6  ±  0 . 1 1 * 0 . 0 0  ± 0 . 0 1 7 *
+ 0 . 0 1
± 0 . 0 1 7 *
Mesohaline A n e t  =  - 5 1 %
A n e t  =  - 1 5 %
A n e t  =  + 1 4 % A n e t  =  0 %
A n e t  =  + 1 - 1 %
November - 1 3 6 ± 1 5 - 1 0 . 0  ± 1 . 9 7 + 1 . 2  ± 0 . 5 3
+ 0 . 2 2
± 0 . 0 1 7 *
+ 0 . 0 5
± 0 / 0 1 7 *
Freshwater A n e t  =  - 2 0 % A n e t  =  - 1 4 % A n e t  =  + 5 . 1 %
A n e t  =  +77% A n e t  =  + 7 %
* No duplicate analysis data available; analytical error only is reported
Figure 12 a-i. Dissolved organic carbon utilization time series over two-month 
incubations (at 20°C) for three salinity zones of the York River estuary in May, July, and 
November, 1999. Freshwater zone, S=0.3-1.0; mesohaline zone; S=7.3-17.7; and the 
high salinity zone, S= 17.9-27.3. Error bars represent the standard error of duplicate 
incubations.
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(25 pM C), 20% (91 pM C), and 20% (136 pM C) for May, July and November, 
respectively (Table 3). In the mesohaline zone, initial DOC concentrations were 443 pM 
C in May (Fig. 12d), 396 pM C in July (Fig. 12e), and 812 pM C in November (Fig. 12f). 
DOC utilization for those three months was 16 % (91 pM C), 4% (16 pM C), and 51% 
(416 pM C), respectively (Table 3). At the high salinity site, initial concentrations of 
DOC were 298 pM C in May (Fig. 12g), 227 pM C in July (Fig. 12h), and 395 pM C in 
November (Fig. 12i). The ending DOC concentration was 290 pM C in May (Fig. 12 g) 
resulting in a 0.3% utilization (Table 3), 260 pM C in July (Fig. 12h) representing 15% 
utilization (Table 3), and 236 pM C in November (Fig. 12i), representing 40% utilization 
(Table 3) of the initial DOC pools.
The DOC was dominated by LMW material (< 5 kDa) at each of the three sites 
during the incubation study (Figs. 13a-i). LMW DOC ranged from 60% in the November 
high salinity sample (Fig. 13i) to as much as 99% in the May high salinity (Fig. 13g) and 
November mesohaline (Fig. 13f) samples over the incubation study. MMW DOC (5-30 
kDa) ranged from undetectable concentrations to 38% of the TDOC (Figs. 13a-i), while 
the HMW DOC ranged from 2% to 44% of the TDOC throughout the study (Figs. 13a-i).
DON Utilization
Total DON utilization for the three incubation experiments ranged from 9.6% to 
46% of the initial DON pool (Table 3). Corresponding DIN increases ranged from 5.1% 
to 204% of the initial DIN with the exception of the high salinity incubation in May 
which showed an increase in DON of 46 % (5.6 pM N) and decrease of DIN of 53% (3.4 
pM N) (Table 3).
40
Figure 13 a-i. Average percent composition of dissolved organic carbon pool (HMW, 
MMW and LMW fractions) during two month incubations (at 20°C) in May, July, and 
November, 1999. Samples were incubated from the freshwater, mesohaline and the high 
salinity zones.
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Initial TDON concentrations for the freshwater incubation samples were 19.6, 
24.1, and 71.1 pM N for May, July and November samples, respectively (Figs. 14a-c). 
The corresponding initial DIN concentrations were 11.0, 1.0, and 23.3 pM N, 
respectively (Figs. 14a-c). Utilization of DON was greatest in May at this site at 38% 
(7.5 pM N) decreasing to 27% (6.3 pM N) in July, and 14% (10 pM N) in November 
(Table 3). Increases in DIN were 2.6, 1.2, and 1.2 pM N in each of the corresponding 
months or 22%, 118%, and 5.1% of the TDN present at the initiation of the experiments 
in the respective months (Table 3).
DON utilization in the May mesohaline incubation, was the greatest of the three 
times at 23% (5.6 pM N) with a corresponding increase of DIN equal to 1.9 pM N or 
34% of the TDN (Table 3; Fig. 14d). In the July incubation, DON decreased 9.6% (1.9 
pM N) and DIN increased 167% (2.9 pM N) (Table 3; Fig. 14e), while in November 
DON decreased by 15% (10.4 pM N) with a corresponding DIN increase of 14% (3.6 
pM N) (Table 3; Fig. 14f).
At the high salinity site, DON unexplainably increased by 46% (4.8 pM N) and 
DIN decreased by 53% (3.4 pM N) in May over the two-month incubation period (Table 
3; Fig. 14g). DON utilization in the high salinity samples in July and November was 
11% (1.6 pM N) and 18% (3.2 pM N), respectively, while DIN increased by 204% (2.0 
pM N) and 23% (1.1 pM N), respectively (Table 3; Figs. 14h,i).
Similar to DOC, LMW material dominated the TDON pool throughout the 
incubation study at each of the sites (Figs. 14a-i). The LMW DON ranged from 22% to 
90 % of the TDN during the study (Figs. 15 a-i). MMW material ranged from
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Figure 14 a-i. Dissolved organic nitrogen utilization time series over two month 
incubations (at 20°C) for three salinity zones of the York River estuary in May, July, and 
November, 1999. Freshwater zone, S=0.3-1.0; mesohaline zone; S=7.3-17.7; and the high 
salinity zone, S=17.9-27.3. Error bars represent the standard error of duplicate 
incubations.
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Figure 15a-i. Average percent composition of the dissolved organic nitrogen pool 
(HMW, MMW and LMW fractions), as well as the inorganic N, during two month 
incubations (at 20°C) in May, July, and November, 1999. Samples were incubated from 
the freshwater, mesohaline and high salinity zones.
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undetectable to 46% of the TDN pool (Figs. 15a-i), and the HMW DON size fraction 
ranged from undetectable to 40 % of the TDN present (Figs. 15a-i). Dissolved inorganic 
nitrogen ranged from 2% to 50% of the TDN throughout the study (Figs. 15a-i).
DOP Utilization
Utilization of DOP during the three incubation experiments ranged from 
negligible to 100% of the starting concentrations (Table 3). During the same period, 
significant DIP increases were observed, ranging from 7% (0.05 pM P) to 56% (0.20 pM 
P) of the starting DIP concentrations (Table 3).
As with the TDOC, utilization of DOP was the greatest (30% of the initial 
amount) in May at the freshwater site (Table 3). In July, DOP decreased to 0.17 pM P 
(27% of the initial), while there was an observed increase in DOP of 77% (0.22 pM P) in 
the November incubation (Table 3). The final DIP concentrations were 0.31 and 0.09 
pM P for May and July, respectively (Figs. 16a-b), equating to a losses of 17% in May 
and 44% in July, of the initial DIP concentrations (Table 3). In November, the incubation 
period was one month instead of two as the previous months reflect, and was 0.75 pM P 
(Fig. 16c), an increase of 7% of the initial DIP (Table 3).
Initial DOP concentrations in the mesohaline zone for the three months were 0.67 
pM P in May (Fig. 16d), 0.15 pM P in July (Fig. 16e) and below detection in November 
(Fig. 16f). Corresponding final DOP concentrations were 0.26 pM P (Fig. 16d) in May, a 
loss of 61% of the initial DOP (Table 3). In July and November final concentrations 
were undetectable (Figs. 16e,f). In May, no significant change in DIP occurred during
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Figure 16 a-i. Dissolved organic phosphorus utilization time series over two month 
incubations (at 20°C) for three salinity zones of the York River estuary in May, July, and 
November, 1999. Freshwater zone, S=0.3-1.0; mesohaline zone; S=7.3-17.7; and the 
high salinity zone, S=17.9-27.3. Error bars represent the standard error of duplicate 
incubations.
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the incubation (Fig. 16d). In July, DIP increased by 23 pM P (Fig. 16e) an increase of 
27% (Table 3); in November the DIP showed no significant change in concentration over 
the two month incubation (Table 3).
In the high salinity incubations, DOP utilization amounted to 4.7%, 63% and 42% 
of the initial DOP concentrations in May, July and November, respectively (Table 3).
DIP exhibited no significant change in May (Fig. 16g) over the two month incubation, 
while in July (Fig. 16h) and November (Fig. 16i) it increased 47% (0.12 pM P) and 56% 
(0.16 pM P), respectively.
In contrast to DOC and DON molecular weight distributions, HMW DOP 
dominated the TDOP pool the majority of the time in the incubations, when DOP was 
quantifiable (Figs. 17a-i). The exceptions to this were in May in the high salinity 
incubation, when the LMW material was initially 78% of the TDP (Fig. 17g), and in 
November (Fig. 17i) when the HMW and LMW DOP were approximately equal (0.32 
pM P) initially. Overall, DIP constituted from 12 -  100% of the TDP throughout the 
incubation study (Figs. 17a-i).
Elemental Ratios
In May and July 1999 incubations, DOC:DON ratios in the York River were 
similar in all three salinity zones and consistently greater than Redfield (6.6:1) (Figs. 
18a,b). In the November 1999 incubation, DOC:DON in the high salinity sample was 
initially high (80:1) and subsequently increased over the incubation period to 130:1 (Fig. 
18c), indicating a preferential utilization of DON with respect to DOC. Similar to the 
May and July incubations, the November DOC:DON ratios in the freshwater and
47
Figure 17 a-i. Average percent composition of the dissolved organic phosphorus pool 
(HMW, MMW and LMW fractions), as well as the inorganic P, during two month 
incubations (at 20°C) in May, July, and November, 1999. Samples were incubated from 
the fresh water, mesohaline and high salinity zones.
48
o- Q. o oQ o
□
o>o>
W//J
s 1CO w  
0) 
E
o o o o o o
O  00  ID  ^  CM o o o o o oO  00 CO ^  CM
CO X
o>o>
o o o o o o
d a i  o/o
a>
E
i-
W SJSSS^SAW Z
0)c
iS
0 )
. C
<e
• co
(0
CD
S2
x
a>
E
o o o o co co o o o csj
dOLJ0%
o
0)co
N
£
.51 o o o o o o
O  CO CO ^  CM
!§> daiioo/o
(A
X
CD
E
Figure 18 a-c. DOC:DON ratios during incubations studies in a.) May, b.) July, and c.)
November 1999. Dashed line indicates Redfield ratio for C:N (6.6).
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mesohaline incubations showed ratios slightly higher than Redfield (Fig. 18c).
DON:DOP ratios in May were consistently greater for Redfield for all three 
salinity zones throughout the incubation (Fig. 19a). In July (Fig. 19b), DON:DOP in high 
salinity incubations were higher than the freshwater samples and increased over the 
incubation from 60:1 to 125:1, suggesting preferential remineralization of DOP relative 
to both DON and DOC. The DON:DOP ratio in the mesohaline incubation was initially 
high (~132), followed by complete DOP depletion after the initial time point (Fig. 19b).
In November, DON:DOP ratios for the freshwater incubation could not be calculated 
because the DON and DOP were reported on slightly different time intervals. The high 
salinity November incubation DON:DOP (Fig. 19c) showed sub-Redfield values and 
DON depletion relative to DOP throughout the incubation. DON:DOP in the mid salinity 
incubation was in excess of 6000:1 (Fig. 19d), largely due to extreme DOP depletion over 
the entire incubation period.
Based on DIN:DIP ratios for May, mesohaline incubations exhibited DIN 
limitation relative to DIP (Fig. 20a). In high salinity incubations, DIN:DIP decreased 
from 60:1 to 24:1, over the incubation period (Fig. 20a), indicating preferential 
remineralization of DOP relative to DON. May freshwater DIN:DIP ratios increased 
from ~ 30 to ~ 40 during incubation. In July (Fig. 20b), all DIN:DIP values were less 
thanl6 :l initially, and throughout the incubation, except for the final freshwater time 
point when it increased to 25:1. In November, the high salinity incubation DIN.DIP was 
initially below Redfield (Fig. 20c) and remained low throughout the incubation period.
In contrast, the freshwater and mesohaline incubations remained greater than 16:1 
throughout the November incubation study (Fig. 20).
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Figure 19 a-d. DON:DOP ratios during incubation studies in a.) May, b.) July, and c.)
November 1999. Dashed line indicates Redfield ratio (16:1).
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Figure 20 a-c. DIN:DIP ratios during incubation studies in a.) May, b.) July, and c.)
November, 1999. Dashed line indicates Redfield ratio (16:1).
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DISCUSSION
Dissolved organic matter in aquatic environments has the potential to play an 
important role in the structure and function of microbial food webs. It is estimated that 
up to 50% of marine primary production may be due to DOM recycling in marine 
systems (Azam et al., 1983, Ducklow and Carlson, 1992; Carlson, 2002), as 
remineralization maintains oxygen and nutrient balances in the upper ocean (Michaels et 
al., 1994). Oceanic DOM distributions and characterization have been documented more 
extensively (Benner et al., 1992; Druffel et al., 1992; Keil and Kirchman, 1994; Guo et 
al., 1994, 1996; McCarthy et al., 1996; Guo and Santschi, 1997; Hopkinson et al., 1997, 
1998; see Benner, 2002; Bronk, 2002; Hansell, 2002 for reviews) than has estuarine 
DOM transport, characterization, and supply to coastal oceans. Fractionation of DOM 
into different molecular weight classes has also been performed predominantly on open 
ocean DOM (Benner et al., 1992; Amon and Benner, 1994, 1996; Guo et al., 1994,1996; 
Buessler et al., 1996; McCarthy and Benner, 1996; Guo and Santschi, 1997; McCarthy et 
al., 19976; Hopkinson et al., 1998; Mitra et al., 2000), with fewer molecular weight 
classification studies of DOM in riverine and estuarine environments (Amon and Benner, 
1996; Gardner et al., 1996, Guo and Santschi, 1997). The present study was designed to 
more fully characterize the elemental and molecular weight distributions, fluxes, and 
transformations of DOM in a temperate estuarine system.
Transect Study- Organic C, N and P Distributions
In previous studies, DOC in estuarine systems has at times demonstrated 
conservative mixing behavior (Mantoura and Woodward, 1983; Prahl and Coble, 1994; 
Alvarez-Salgado, 1998; Miller, 1998). This was considered to be a general feature of all
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estuaries. Sharp et al. (1984), however, showed that the distributions of DOC along an 
estuarine salinity gradient could be highly variable, and within a given system both 
conservative and non-conservative behavior could be observed due to seasonal and 
biological processes. In the York River estuary, Virginia (USA) DOC concentrations 
varied both temporally and spatially over the course of the intensive 1998 transect study 
(Figs. 5a-i). Distributions of DOC relative to salinity (a conservative tracer) in the York 
showed that there was a near-constant internal influx of DOC to the system. This 
corroborated the earlier findings of Raymond (1999) and Raymond and Bauer (2000), 
who suggested that fluxes from sediments and pore waters, phytoplankton exudation, 
zooplankton grazing and/or marsh influx represented potential sources of this internally 
produced DOC. Burdige et al. (1992) and Keil et al. (1997) suggested that this estuarine 
DOM inputs might also result from desorption of DOM from particulates and 
sedimentary organic material as ionic strength increases during mixing of fresh and 
marine waters. In the present study, the specific source(s) and mechanism(s) of DOC 
input could not be ascertained. However, internal production of estuarine DOC varied 
seasonally and spatially with a stronger source during the fall and winter, particularly in 
mid-estuary (S= 9-20) depending on the season (Fig. 5a-i). This suggests that biological 
activity, especially during periods dominated by net degradation, may be important as a 
mechanism generating this internal source.
Size-fractionated DOC measured during the one year transect study was 
dominated by LMW material (< 5 kDa) (Figs. 5a-i), and in parallel with total DOC, 
usually decreased in concentration from the riverine end member to the mouth of the 
York River estuary (the point of highest salinity in this study) at most times of the year.
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The LMW fraction typically exceeded 80 % of the TDOC pool (Figs. 5a-i). These 
findings are similar to those of Guo and Santschi (1997) for Galveston Bay and 
Chesapeake Bays. The relative contributions of the LMW DOC fraction in the York 
were highest from April through August (Figs. 5a-i). This coincided with periods of 
lowest overall DOC concentrations in the system, suggesting a net transformation to 
smaller molecules by bacterial and/or photochemical processes (Mopper and Kieber, 
2002) in summer months. The HMW DOC fraction (>30kDa) was more abundant than 
the MMW DOC (5-30 kDa) fraction, but was still ~ 20% of the TDOC (Figs. 5a-i). Most 
often, HMW DOC concentrations from the riverine end member were similar to those at 
the mouth of the estuary. The exceptions to this pattern were in Dec-97 (Fig. 5b) and 
May-98 (Fig. 5d), when the HMW DOC in freshwater was slightly higher in 
concentration compared to the high salinity end member concentrations. It has been 
documented that up to 50% of estuarine DOC may exist as HMW material (classified as 
>1 kDa), which decreases rapidly in concentration with increasing salinity (Newman et 
al., 1994; Cauwet and Sidorov, 1996; Patel et al., 1999). It has also been reported that 
the HMW DOC, as a % of TDOC, decreases from river (18%) to near shore (5%) to 
coastal ocean (4%) in the Gulf of Mexico (Benner et al., 1992; Santschi et al., 1995; Guo 
and Santschi, 1997).
In the York River estuary, TDON was present at significant concentrations 
relative to the DIN throughout the system during the entire study period (Figs. 6 a-i), 
ranging from a minimum of 16.5 pM N in Oct-97 (Fig. 6 a), to a maximum of 24.4 pM N 
in May-98 (Fig. 6 d). This suggests a strong potential for the TDON pool to supply 
nitrogen for both primary production and secondary (i.e., bacterial) production
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throughout the year, and especially at times of DIN limitation, provided that either, a) its 
rate of remineralization can meet the demand for DIN or, b) it can be taken up directly by 
primary producers.
For seven of the nine sampling events, TDON at the high salinity end member 
was lower than the freshwater concentration. At the other two times, the difference was 
<0.5 pM (Figs. 6 a-i). Similar TDON concentrations and distributions along the salinity 
gradient were identified by Veroni and Cifuentes (1994) and Pakulski et a l  (2000) during 
the transport of TDON from the Mississippi and Atchafalaya River estuaries and mixing 
zones to the Texas-Louisiana continental shelf.
Bronk (2002) summarized that the TDON pool in aquatic environments averaged 
60-69% of the TDN, with concentrations increasingly higher in estuarine and riverine 
systems. In the York River estuary system, TDON comprised from 50-94% of the TDN 
pool (Fig. 6 a-i), and these percentages varied primarily as a function of seasonal 
variations in the DIN pool. The coupling between DON and DIN distributions during 
NO3' utilization and subsequent TDON production has been described by Butler et al. 
(1979) in the English Channel, and Bronk et a l (1998) in the Chesapeake Bay. In the 
Mississippi River plume, Benner et a l (1992) further demonstrated the synthesis of 
HMW DON (>1 kDa) from NO3" through 6 15N uptake experiments.
Although there were indications of a possible internal source of TDON in the 
York, primarily in late summer and fall (e.g., Oct-97 [Fig. 6 a], Aug-98 [Fig. 6 g] and Oct- 
98 [Fig. 6 i]), there was no consistent pattern of internal sources or sinks as identified by 
the mixing curves of TDON. Interestingly, the DIN distribution along the salinity 
gradient was similar to that for the TDON during Oct-97 and Aug-98, indicating that
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there may have been a simultaneous source of both DIN and TDON at these times. 
Potential sources of these two constituents include sediment or pore-water mixing, 
sediment re-suspension and desorption, and increased activity of various biological 
processes (e.g., microbial degradation, sloppy feeding, cell lysis, exudation, and/or 
primary production). Seasonal variability in TDON has been identified by Bronk et al 
(1998) in the Chesapeake Bay and by Veroni and Cifuentes (1994), in the Gulf of 
Mexico, whom found that DON increases in late spring and summer.
Similar to the TDOC, the majority of the TDON (65-100%) in the York River 
estuary existed in the LMW fraction (<5 kDa) at all times and salinities (Figs. 6 a-i). The 
smallest contribution of LMW material (65% of the TDON) tended to occur in the spring 
months (April through June-98) (Figs. 6 c-e). At all other times, the LMW fraction was at 
near-constant proportions (85-100%) of the TDON. To my knowledge, there exists no 
previously published information on the molecular weight distributions of TDON in 
rivers or estuaries. However, McCarthy et al. (1997) found that ultrafiltered DON 
(UDON) 1 nm -0.1 pm in size (approximately equivalent to the MMW fraction reported 
in this study) represented the largest percentage of the operationally defined DOM pool 
in five open ocean sites. They were also able to identify the UDON pool as primarily an 
amide-containing biopolymer, most probably chitin, with < 1 0 % identified as 
hydrolysable amino acids. There has not been similar work performed in the estuarine 
environment. Sigleo et al., 1982 isolated colloidal materials (0.4 pm -1.2 nm) from 
Chesapeake Bay waters (approximately equivalent to very HMW weight material in the 
present study) and found carbohydrates and proteins were major components of that 
fraction.
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Few previous studies have examined the distributions and dynamics of DOP in 
estuarine systems. Suzumura and Ishikawa (1998) in river and coastal areas of Tokyo 
Bay, Japan found that DOP (<10 kDa molecular weight) constituted 45-76% of the bulk 
DOP and exhibited conservative mixing behavior, while DOP greater than 10 kDa and 
less than 0.1 pm was only a trace component of all samples. Concentrations of TDOP in 
the York River estuary were typically <0.4 pM P (Figs. 7a-i), in contrast to DIP which at 
times exceeded 1.00 pM P. Distinct seasonal trends were clearly evident in both 
phosphorus pools. A strong suggestion of TDOP remineralization (either water column, 
sedimentary, or both) was apparent in Oct-97, Aug-98 and Sept-98 when anomalously 
high DIP concentrations (1.2 pM P) were measured (Figs. 7a, g, h). In contrast, TDOP 
concentrations in Oct-97 were exceedingly low (<0.15 pM P) and often below the 
detection limit (Fig. 7a). During subsequent samplings, TDOP concentrations were 
almost entirely attributable to the HMW fraction, and ranged from 0.10-0.38 pM P in 
December-97 (Fig. 7b) through April-98 (Fig. 7c). DIP concentrations decreased at the 
same time that TDOP increased from winter to mid-summer (Figs. 21a-d). During the 
spring and summer months (Figs. 21b-d), as primary production increased, TDOP was 
also highest in concentration at this time, suggesting a net conversion of inorganic to 
organic forms of P. As the produced phytoplankton biomass was presumably degraded 
in late summer (Figs. 7f,g), TDOP concentrations decreased throughout the estuary as 
DIP increased. As a percentage of TDP, TDOP was <.50% at the freshwater end member 
throughout the transect study, while TDOP was often > 80% of the TDP in the high 
salinity zone (Figs. 7a-i). Karl and Bjorkman (2002) reported TDOP to be 37-43% of the 
TDP in Mamala Bay, Hawaii (1996), while Thingstad et al. (1996) found that in estuarine
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Figure 21 a-d. Concentrations of dissolved inorganic N and P, TDOP, and chlorophyll a 
in Dec-97 through Jun-98.
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surface water in Sandfjord, Norway, TDOP comprised 90 to 98% of the TDP.
In striking contrast to TDOC and TDON, TDOP molecular weight distributions 
(Figs. 7a-i) showed that HMW material dominated the DOP composition consistently 
throughout the study. On several occasions, HMW DOP comprised 100% of the TDOP, 
possibly suggesting preferential bacterial remineralization and/or less production of the 
LMW DOP fraction. To my knowledge, this is one of the first studies to detail the 
molecular weight distribution of DOP in a river/estuarine system. However, Clark et al. 
(1998) found that HMW DOP in seawater was comprised predominantly of 
phosphonatets, although NMR spectra of surface-water DOM also indicated contributions 
of phosphate esters. These workers concluded that the esters were preferentially 
remineralized, leaving behind HMW phosphonates during organic matter decomposition.
Transect Study- Inorganic N and P Distributions
Nutrient cycling in estuaries has long been studied extensively, and the York 
River estuary has well-documented distributions and relationships of inorganic N and P 
based on physical, geological and biological processes (Neilson and Cronin, 1981; Sin, 
1998; Sin et al. 1999; Fisher et al., 2001). Sin et al. (1999) analyzed ten years of nutrient 
data to establish nutrient dynamics and their relationship to phytoplankton production and 
decomposition, in the York River estuary. Magnien et al. (1992) also examined nutrient 
loadings and internal nutrient pools related to phytoplankton production in the 
Chesapeake Bay.
Distributions of DIN in the York River estuary showed both spatial and seasonal 
variability (Fig. 6 a-i). DIN was a significant component of the TDN from October-97 to
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April-98 (9-22 pM), but became a minor component in spring and summer months as it 
was utilized during the phytoplankton bloom (Figs. 21a-d). Mid-estuary DIN depletion 
was especially evident during May and June (Figs. 6 d, e), coincident with the 
phytoplankton bloom, as confirmed by measurements of primary production (Sin, 1998) 
and chlorophyll a (Figs, 22a-f). Freshwater DIN became even more depleted to (<3 pM) 
in surface water in July (Fig. 6 f  and 22d), which also coincided with elevated 
phytoplankton levels in the upper-estuary (Fig 22 a-f) (Sin, 1998). Subsequently, DIN 
increased to ~11 pM N in October-98 (S=10-21), although there remained a region of 
DIN depletion at S=7 (Fig. 6 i).
The seasonal distribution of DIP throughout the York River estuary demonstrated 
that DIP in both the upper reaches of the system and the high salinity end member was 
often depleted with respect to concentrations in the mid-estuary, particularly from mid­
summer through fall (Figs.7a-i). These mixing curves are indicative of a strong internal 
source of DIP, possibly due to increased remineralization of organic matter as 
temperature increased and/or desorption of phosphate from sediments under low-oxygen 
conditions and during increasing ionic strength as river and marine waters mix. Magnien 
et al. (1992) found this to be the case in the Chesapeake Bay, and the Patuxent River and 
the Potomac River estuaries.
Sin et al. (1999) suggested that the deficit of DIP in river water may be a result of 
a significantly greater input of particulate phosphorus versus particulate nitrogen input at 
the head of the estuary, and subsequently greater loss of adsorbed phosphorus through 
sedimentation and burial in this region. The York may have also experienced a similar
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Figure 22 a-f. Comparison of inorganic nutrient concentrations to chlorophyll a, an 
indication of primary production, in the York River estuary, April-98 through September 
-98.
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mechanism of DIP removal during the high discharge period in April-98 (Fig. 23). With 
the onset of the spring phytoplankton bloom, DIP became depleted first in the lower 
estuary, which experienced the phytoplankton bloom earlier than the upper reaches of the 
system (Sin, 1998). Parts of the estuary exhibited DIP depletion in April, May and June 
(Figs. 7c-e) with decreasing DIP concentrations in the mid-estuary and low 
concentrations in the high salinity zone.
At times of DOP depletion, DIP was consistently high (Fig. 7a). It may be 
hypothesized that as long as TDOP is present in times of DIP depletion, remineralization 
may return nutrient P to the water column for phytoplankton uptake. The DIN:DIP ratios 
offer relevant information pertaining to nutrient limitation in the estuary since 
phytoplankton appear to preferentially utilize inorganic nutrients, over dissolved organic 
N and P, although direct uptake of LMW material such as urea and monomeric DOP has 
been demonstrated (Lomas et a l , in press; Karl and Bjorkman, 2002). DIN:DIP ratios fell 
below Redfield ratio during late summer and early fall (Figs. 10 and 11). 
Remineralization of dissolved organic nutrients may have thus played an increasingly 
important role during such periods and may have been the mechanism behind sustained 
primary production at that time (Nixon, 1991).
In conclusion, the dissolved organic C, N and P and inorganic N and P in the 
York River estuary displayed unique distributions, both spatially and temporally. 
Although the distributions of these various organic and inorganic components were often 
uncoupled from each other, they appeared to be related to seasonal changes in 
productivity and remineralization. It is significant to the ecological and biogeochemical 
functioning of temperate and other estuaries that organic nutrients may supplement the
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Figure 23. Particulate phosphorus, particulate nitrogen, total suspended solids and total 
dissolved organic phosphorus along the salinity gradient of the York River estuary in 
April, 1998.
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limiting inorganic nutrients and help support primary production during periods of 
inorganic N depletion (i.e., during summer) and regions of inorganic P depletion (i.e., at 
the riverine and high salinity end members). The distributions of the different molecular 
weight fractions of TDON and TDOP throughout the estuary may further suggest 
preferential remineralization of LMW DOP and HMW DON, or greater relative inputs of 
HMW DOP and LMW DON.
Transect Study- Flux Estimates
The model of Kaul and Froelich (1984) for assessing estuarine geochemical 
nutrient fluxes provides a useful approach for estimating freshwater inputs, internal 
fluxes and export of those organic and inorganic constituents which show a predominant 
non-conservative source or sink over an estuarine salinity gradient (Fig. 24). This model 
is most successfully employed in a simple, pristine estuarine system like the York River 
estuary (Raymond, 1999). Internal flux estimates derived from the Kaul - Froelich model 
provide a more complete understanding of the sources or sinks for a specific constituent 
during transport and input to the coastal ocean.
In the present study, internal fluxes have been calculated for each constituent 
displaying a non-conservative distribution at a given sampling time. It was found that the 
Kaul - Froelich model had some inherent limitations, such as those pertaining to 1) 
discontinuities in the mixing curves (which Kaul and Froelich (1984) addressed in their 
presentation of the model), 2 ) distributions (i.e. mixing curves) with end members 
(freshwater vs. high salinity) that differed in concentration by less than -10%, 3) 
constituents in low concentrations, i.e., approaching the limits of the analytical
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Figure 24. Application of Kaul and Froelich’s (1984) nutrient geochemistry internal flux 
model.
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procedures and 4) distribution curves indicating multiple sources and sinks along the 
salinity gradient. Therefore, the model was only applied to those dissolved organic and 
inorganic constituents meeting the following criteria: 1 ) the constituent displayed a non­
linear distribution across the salinity gradient, 2 ) end member concentrations differed by 
more than 10% and, 3) concentrations for fractionated samples were greater than 20% of 
the total organic pool (Table 4). Under these conditions, the model also allows for 
estimates of both freshwater inputs and estuarine export fluxes, based on river discharge 
and end member concentrations of individual solutes.
Internal Fluxes
Total DOM . In general, a strong internal source of TDOC was identified 
throughout the estuary at all times of the year, with the exception of April 1998 (Table 4). 
The source provided an average 3.9 xlO11 pmoles C d _1, ranging from 0.9-13 xlO11 
pmoles C d"1. This is consistent with the findings of Raymond (1999) and Bauer and 
Raymond (2000), who estimated an average flux of 8.5 + 6.1 xlO11 pmoles C d' 1 also 
using the same model applied to data from 1997. Flux calculations also indicated 
periodic internal inputs of TDON to the system, ranging from 0.006 -0.2 xlO11 pmoles N 
d' 1 (Table 4) for the months of December-97, and April, August and October-98. In 
August and October1998, both an internal sink and source was identified at different 
points along the salinity gradient (Table 4; also see Figs. 6 g and i). TDON and its 
molecular weight fractions behaved in an essentially conservative manner the other 
months of the study. In comparison with TDOC and TDON, there was greater variability 
in the estimated TDOP fluxes in the York with both internal sources and sinks throughout 
the study and along individual transects (Table 4). An internal source of TDOP was
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calculated for September 1998 (0.07 xlO9 pmoles P d _1; Table 4) and internal losses 
dominated in December-97 and May-98 (0.1 xlO9 pmoles P d ~l and 0.6 xlO9 
pmoles P d _1, respectively; Table 4). There were simultaneous losses and inputs in the 
York during the July and October 1998 samplings with inputs (0.86 xlO9 pmoles P d _1) 
exceeding losses (0.38xl09 pmoles P d"1; Table 4; see also Figs. 7f and i). TDOP behave 
in essentially conservative manner during the other months of the study.
Molecular Weight Fractions and Inorganic N  and P. One of the most prominent 
features of the York emphasized by the model is the strong seasonality in the internal 
fluxes of, and the relationships between inorganic and organic phosphorus. In April, at 
S=0.5, there was simultaneously a sink for HMW DOP and a source for DIP (Table 4; 
Fig. 7c), possibly a consequence of increased particulate loading (Fig. 23), particulate P 
sorption/desorption processes, ionic strength changes with mixing of freshwater and 
saline water and/or remineralization of particulate organic P, as described by Magnien et 
al. (1992) and Sin et al. (1999). April-98 is also the only month in which the TDOC 
mixing curve (Fig. 5c) and flux calculations (Table 4) identify a sink for DOC (4.4 x 1011 
pmoles C d'1), possibly suggesting overall degradation of DOM.
DIN flux estimates for April-98 identify possible internal sources of DIN and DIP 
(i.e., from remineralization) at a rate of 1.0 xlO11 pmoles N d' 1 and 0.05 xlO11 pmoles P 
d"1,respectively (Table 4). The following month (May-98) net losses of TDOP as HMW 
DOP and DIP were estimated down-estuary (Table 4; Fig. 7d) and were on the order of 
0.6 x 109 and 1.9 xlO9 pmoles P d '1, respectively. A net internal loss of DIN in May 
corresponded with the spring phytoplankton bloom (> 20 pg/L of chlorophyll a), (Figs.
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21c and 22b). The May bloom also occurred at the same location in the estuary where 
DIN and DIP were observably depleted from the water column (Figs. 21c and 22b), but 
where the previous month (April) there had been high concentrations of inorganic 
nutrients (Figs. 21b and 22a). Beginning in June (Figs. 22d-f and Table 4) DIP was 
internally re-supplied to the estuary and continued to be through October. In June, peak 
concentrations in chlorophyll a were seen at S= 6  (Fig.21d) when DIP became 
correspondingly more abundant, and DIN showed greater depletion. Internal losses of 
TDOP occurred in subsequent months and may be a result of preferential P 
remineralization, as DIP internal fluxes correspondingly increased (Table 4).
Riverine Influxes to the York and Estuarine Effluxes to the Coastal Ocean
Model estimates of the influx (i.e., from the Pamunkey River to the York River 
estuary) of individual dissolved organic and inorganic constituents were calculated using 
the freshwater end member concentration (C0) derived from fitting a polynomial equation 
to the observed mixing curve according to Kaul and Froehlich’s 1984 model. At times of 
discontinuous curvature of the mixing graph, the freshwater end member concentration of 
the secondary curve (C 0d) was also determined. Efflux calculations (i.e., from the York 
River estuary) were based on the model-derived Cs or concentration values directly 
analyzed at the riverine end member during the study (Tables 5-7). At times of 
discontinuous curvature of the mixing graph, C*d was calculated which corresponded to 
Cs but at the salinity point where the curve became discontinuous.
The estimated influx of TDOC from the river to the York was less than the efflux 
from the York to the coastal ocean throughout the study except for April 1998 (Table 5), 
corroborating the significance of the internal source of DOC within the estuary proper.
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Table 5. Total dissolved organic carbon and size fractionated DOC calculated
as influx to the estuary and efflux to the coastal zone. Statistical significance
of the mean differences of theinflux and efflux.
RIVERINE INFLUX fx109 umoles d1)
Transect Date TDOC HMW DOC MMW DOC LMW DOC
Oct-97 155 2.8 13.1 136
Dec-97 1010 0.0 67.5 822
Apr-98 2740 461.0 111.0 2330
May-98 2320 258.0 316.0 1750
Jun-98 762 64.9 83.1 615
Jul-98 221 22.9 0.0 215
Aug-98 111 0.3 1.1 110
Sep-98 63.2 5.7 3.6 54
Oct-98 79.8 10.5 1.5 68
SUM 7462 826 597 6100
AVE 829 92 66 678
STD DEV 1024 161 103 829
ANNUAL FLUX 
(x1015 pmoles yr‘1)
3.6 0.4 0.3 3.0
ESTUARINE EFFLUX (x109umoles d'1)
Transect Date TDOC HMW DOC MMW DOC LMW DOC
Oct-97 760 126.0 2.8 703
Dec-97 2300 720.0 0.0 2260
Apr-98 2300 4.6 111.0 2260
May-98 2440 98.1 558.0 3030
Jun-98 1350 64.9 97.2 1200
Jul-98 395 77.5 0.0 437
Aug-98 277 0.3 1.1 252
Sep-98 156 13.3 5.4 120
Oct-98 168 2.1 24.1 181
SUM 10146 1107 800 10443
AVE 1127 123 89 1160
STD DEV 986 229 181 1090
ANNUAL FLUX 4.9 0.5 0.4 5.1
(x1015 pmoles yr'1)
p (Paired t-test) 0.10
between influx and efflux
0.77 0.46 0.03
Table 6. Total dissolved inorganic and organic nitrogen, as well as size fractionated DON
calculated as influx to the estuary and efflux to the coastal zone. Statistical significance of the
mean differences of the influx and efflux.
RIVERINE INFLUX (x109 umoles d1)
T r a n s e c t  D a te T D O N H M W  D ON M M W  D O N LM W  D O N DIN DINTDON
O c t-9 7 8 .4 0 .5 1 .4 6 .4 3.1 0.37
D e c -9 7 4 6 .5 7 .6 7 .4 3 0 .3 3 3 .3 0.72
A p r-9 8 1 5 6 .0 4 6 .2 1 2 .8 1 0 3 .0 1 5 2 .0 0.97
M ay -9 8 1 1 9 .0 3 5 .4 6 7 .8 5 5 .7 1 1 0 .0 0.92
J u n - 9 8 4 2 .8 1 1 .6 4 .9 2 6 .3 4 4 .5 1.04
J u l-9 8 1 4 .4 3 .4 3 .3 1 1 .7 0 .7 0.05
A u g -9 8 6.1 1 .0 0 .3 4 .9 0 .0 DIN depleted
S e p - 9 8 3 .6 0 .6 0 .0 2 .9 1 .0 0.27
O c t-9 8 7 .8 3 .9 0 .4 3 .5 3.1 0.40
SU M 4 0 4 .6 1 1 0 .2 9 8 .3 2 4 4 .7 3 4 7 .7
A V E 4 5 .0 1 2 .2 1 0 .9 2 7 .2 3 8 .6
S T D  D EV 5 5 .6 1 6 .8 2 1 .7 3 3 .3 5 5 .8
A N N U A L FLU X 0 .2 0 0 .0 5 0 .0 5 0 .1 2 0 .1 7
(x 1 0 15 p m o le s  y r '1)
ESTUARINE EFFLUX (x109 umoles d1)
T r a n s e c t  D a te T D O N H M W  D O N M M W  D O N LM W  D O N DIN DINTDON
O c t-9 7 2 0 .7 4 .8 2 .2 1 5 .4 1 7 .2 0.83
D e c -9 7 6 1 .5 9 .8 0 .0 14.1 89 .1 1.45
A p r-9 8 1 7 4 .0 1 3 8 .0 1 8 0 .0 1 0 1 .0 3 0 6 .0 1.76
M ay -9 8 1 0 3 .0 6 9 .4 6 5 .7 5 5 .7 9 .3 0.09
J u n - 9 8 4 2 .8 1 1 .6 4 .9 2 6 .3 0 .3 0.01
Ju l-9 8 13 .1 15.1 3 .3 1 2 .2 0 .7 0.05
A u g -9 8 6.1 1 .0 0 .3 4 .9 2 4 .0 3.94
S e p - 9 8 3 .6 0 .6 0 .0 2 .9 1 .0 0.27
O c t-9 8 8 .2 4 .4 0 .0 7.1 2 .9 0.36
SU M 4 3 3 .0 2 5 4 .6 2 5 6 .4 2 3 9 .6 4 5 0 .5
A V E 4 8 .1 2 8 .3 2 8 .5 2 6 .6 5 0 .0
S T D  D EV 5 7 .4 2 1 .7 6 0 .7 3 2 .2 1 0 0 .0
A N N U A L FLU X  
(x 1 0 15 p m o le s  yr"1)
0 .2 1 0 .1 2 0 .1 2 0 .1 2 0 .2 2
p (Paired t-test) 0 .3 9 0 .1 5 0 .3 8 0 .8 0 .6 3
between influx and efflux
Table 7. Total dissolved inorganic and organic phosphorous, as well as size fractionated
DOP calculated as influx to the estuary and efflux to the coastal zone. Statistical significance
of the mean differences of theinflux and efflux.
R IV E R IN E  IN FLU X  (x 1 0 9 u m o l e s  d 1)
T r a n s e c t  D a te T D O P H M W  D O P M M M W  D O P LM W  D O P D IP DIPTDOP
O ct-9 7 0 .0 5 5 0 .0 5 5 0 .0 0 0 0 .0 5 9 0 .0 0 0 DIP depleted
D e c -9 7 0 .4 6 8 0 .4 6 8 0 .0 0 0 0 .0 0 0 0 .9 0 9 1 .94
A p r-9 8 2 .6 5 0 2 .6 2 0 0 .0 0 7 0 .0 1 5 4 .8 8 0 1 .8 4
M ay-98 2 .4 7 0 2 .4 9 0 0 .2 3 0 0 .0 7 3 3 .4 6 0 1 .4 0
J u n -9 8 1 .6 4 0 1 .6 4 0 0 .0 0 0 0 .0 0 0 1 .8 3 0 1 .12
J u l-9 8 0 .1 7 5 0 .2 7 3 0 .0 0 0 0 .1 7 2 0 .091 0 .5 2
A u g -9 8 0 .0 6 7 0 .0 6 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 DIP depleted
S e p -9 8 0 .0 4 6 0 .0 3 2 0 .0 0 0 0 .0 0 0 0 .0 0 0 DIP depleted
O c t-9 8 0 .1 1 9 0 .131 0 .001 0 .0 0 0 0 .0 0 0 DIP depleted
SU M 7 .6 9 0 7 .7 7 5 0 .2 3 9 0 .3 1 9 1 1 .1 7 0
AVE 0 .8 5 4 0 .8 6 4 0 .0 2 6 0 .0 3 5 1.241
S T D  D EV 1 .0 9 0 1.081 0 .0 7 6 0 .0 5 8 1 .8 0 6
A NNUAL FLUX  0 .0 0 4  0 .0 0 4  
(x 1 0 15 p m o le s  y r '1)
E S T U A R IN E  E F F L U X  (x 1 0 9 u m o l e s  d '1)
0 .0 0 0 0 .0 0 0 0 .0 0 5
T r a n s e c t  D a te T D O P H M W  D O P M M M W  D O P LM W  D O P D IP DIPTDOP
O c t-9 7 0 .0 0 0 0 .0 0 0 0 .0 0 0 0 .0 5 9 1 .0 4 0
D e c -9 7 0 .3 7 0 0 .191 0 .0 0 0 0 .0 0 0 4 .1 9 0 11 .3 2
A pr-98 1 .0 9 0 1 .0 9 0 0 .251 0 .7 9 2 9 .7 0 0 8 .9 0
M ay-98 1 .8 6 0 0 .581 1 .6 6 0 0 .8 1 2 1 .5 5 0 0 .8 3
Ju n -9 8 0 .5 4 1 0 .4 0 6 0 .0 0 0 0 .0 0 0 2 .0 2 0 3 .7 3
J u l-9 8 1 .0 3 0 0 .3 7 5 0 .0 0 0 0 .3 9 8 1 .4 8 0 1 .4 4
A u g -9 8 0 .0 1 4 0 .0 1 4 0 .0 0 0 0 .0 0 0 0 .8 4 3 6 2 .4 4
S e p -9 8 0 .1 1 8 0 .0 8 6 0 .0 0 0 0 .0 0 0 0 .3 8 9 3 .3 0
O c t-9 8 0 .5 0 0 0 .0 9 5 0 .0 0 1 0 .0 6 4 0 .5 4 9 1 .1 0
SU M 5 .5 2 2 2 .8 3 7 1 .9 1 2 2 .1 2 5 2 1 .7 6 1
A VE 0 .6 1 4 0 .3 1 5 0 .2 1 2 0 .2 3 6 2 .6 3 0
S T D  D EV 0 .6 1 4 0 .3 5 1 0 .5 4 9 0 .3 4 5 2 .9 5 5
ANN UA L FLUX 0 .0 0 3 0 .001 0 .001 0 .0 0 1 0 .011
(x 1 0 15 p m o le s  y r '1)
p (Paired t-test) 0 .3 6  0 .0 7  0 .2 7  0 .1 0 .0 3
between influx and efflux
Riverine influx and estuarine efflux were both minimal during the fall (August through 
October), and highest in spring, exceeding 2.0 x 1012 pmoles C d' 1 (Table 5). Estuarine 
efflux to the coastal zone exceeded riverine influx to the estuary by an average of 3.5 x 
1 0 12 pmoles C d '1.
The magnitude of TDON fluxes into and out of the estuary followed a similar 
seasonal pattern to the TDOC fluxes (Table 6 ). TDON efflux from the estuary was 
greater than the influx from October-97 through April-98 and was approximately equal at 
the remaining times of the year (Table 6 ). However, over the entire year, there was no 
significant difference between the influx and efflux of TDON from the system (p=0.39). 
Seasonal patterns in DIN showed that during May and June 1998, riverine influx 
exceeded estuarine efflux indicating that DIN was net utilized during transport within the 
York, most likely for primary production. During late fall and winter, DIN influx from 
the riverine source was less than the export to the coastal ocean, indicating that the York 
was a net source of DIN to the coastal ocean at this time (Table 6 ). Similar to TDON, 
influx and efflux of DIN were not significantly different (p=0.63) when averaged over the 
entire year.
The TDOP entering the estuary exceeded its export from October through June 
(Table 7). In subsequent months, riverine influx and estuarine efflux of TDOP were 
similar (Table 7). When internal losses of TDOP did occur during transport, they tended 
to correspond to internal DIP inputs (Table 7), resulting in effluxes from the York that 
were correspondingly depleted in TDOP and enriched in DIP (Table 7). The riverine 
influx of DIP when averaged over the entire year, was significantly less than that 
exported to the coastal zone (p=0.03); this was evident in the differences in export from
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import of 16.7 xlO9 pmoles P d' 1 (Table 7). This is a strong independent confirmation of 
the strength of the net annual DIP remineralization in the York, and the significance of 
DIP export to the greater Chesapeake Bay and Middle Atlantic Bight.
Incubation Study
Dark incubation studies were conducted at selected times of the year in order to 
estimate potential heterotrophic utilization of total and different molecular weight 
fractions of dissolved organic C, N and P by the bacterial community in the York River 
estuary. The incubation study was designed to assess the potential DOM utilization on 
both a spatial and temporal basis. All incubations were conducted at 20°C in the dark 
over a two-month period and sub-sampled at pre-determined intervals.
The TDOC, TDON and TDOP pools showed net losses over the two- month 
incubation period in all but three instances of the nine total incubations (Table 3). 
Concurrently, DIN and DIP concentrations generally showed net increases over the same 
period, consistent with microbial remineralization of organic matter. Interestingly,
TDON remineralization did not always resupply DIN at equi-molar concentrations during 
six of the nine incubations (Table 3). TDON utilization was only 12-34% of net DIN 
produced in May (mesohaline and fresh water incubations) and November (all three sites) 
(Table 3). This offset may have been accounted for by the need for immediate re-uptake 
of DIN remineralized from TDON particularly in the November high salinity sample 
(Fig. 14i) when DIN concentrations were <3 pM N. The stoichiometry of the TDOP and 
DIP pools also did not balance in five out of nine incubations (Table 3), a possible 
indication of rapid re-uptake of DIP by microheterotrophs. This occurred in May 1999,
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for all samples and July 1999 in the freshwater and high salinity incubations (Table 3). 
During these incubations 27-63% of the initial TDOP was utilized, without an equi-molar 
increase in DIP concentrations. The incubations showing no net increase in DIP over the 
incubation period (in May and July samples) suggest that 100% of the DIP from TDOP 
remineralization may have been immediately taken up by bacteria and may not have been 
available to the phytoplankton community in the natural environment. In these specific 
zones in May and July of 1999, there were concurrent low initial concentrations of DIP in 
the York River estuary surface waters (Figs. 16a-i).
Observations of greater relative HMW DOC, DON and DOP utilization in each of 
the three salinity zones of the York River estuary of the different sampling times (Figs. 
13a-i, 15a-i and 17a-i) corroborate the conclusions of Amon and Benner (1994, 1996) 
that HMW DOM may be utilized preferentially over the LMW fraction. These workers 
suggested that bulk DOM reactivity may be dependent on the diagenetic state (age) and 
that lability decreases along a size continuum from large to small. Raymond and Bauer 
(2000), found that DOC in the York decreased during a one month incubation period and 
that the younger DOC was preferentially utilized over older, presumably more refractory 
forms.
Dissolved Organic Carbon Utilization
In general, throughout the study, the average TDOC utilization increased from 
May to November, ranging from 0.3-16% utilized in May, 4-20% utilized in July and 20- 
51% in November (Table 3). The LMW DOC (< 5 kDa) was the dominant molecular 
weight fraction at the start of the incubations, and was somewhat lower at higher 
salinities (Figs. 13a-i). At the freshwater end member, the LMW and HMW fractions of
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DOC were 87- 97% and 3 -17% of the total DOC, respectively (Figs. 13a-c), with very 
low initial relative abundances of MMW DOC 0-4% (Figs. 13a-c). In the mesohaline 
zone, the LMW and HMW DOC was initially 62-85% and 12-29% of the TDOC, 
respectively (Figs. 13d-f). The MMW material in the mesohaline zone was initially 3-8% 
of the total DOC (Figs. 13d-f). Initial relative LMW DOC abundances in the high 
salinity zone were 70, 77, and 58% of the TDOC in May, July and November, 
respectively (Figs. 13g-i). In the high salinity zone (Figs. 13g-i), HMW and MMW 
material were in greater relative amounts at the start of the incubations relative to the 
freshwater (Figs. 13a-c) and mesohaline zones (Figs. 13 d-f).
The LMW DOC increased in relative importance over all of the 2-month 
incubation periods, with the exception of July high salinity sample (Figs, 13a-i). LMW 
material increased more in the high salinity water (15-25% of the TDOC) than in the 
freshwater (2-8%) or mesohaline (5-25%) ones. It is evident that during the incubation 
studies, that both HMW and MMW DOC were both preferentially utilized (up to 100% at 
tim es) and LMW material accumulated by the 2-month end point (Figs. 13a-i). Thus, the 
HMW DOC in the York River estuary system is at least partially labile and available to 
the heterotrophic bacterial community. This may be a result of the relative “freshness” 
(age) of the HMW humified DOM entering the estuary, which may be correspondingly 
more nutrient (N and P) enriched relative to older material that is likely to have been 
partially degraded (remineralized) prior to its input to the estuary from the river.
Upon more careful examination of the individual incubations over shorter time 
intervals, the freshwater and mesohaline sites appeared to display a stepwise 
transformation in DOC fractions over the two-month incubation period. For instance, in
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the freshwater incubation in May (Fig. 13a,), during a time of sufficient inorganic 
nutrient availability, the LMW DOC decreased in both concentration and relative percent 
with a concurrent relative increase in HMW DOC from 0 hours to 336 hours (14 days). 
The LMW:HMW DOC ratio decreased from 19:1 at T=0 hours to 4:1 at T=336 hours, 
before HMW material became completely depleted at T = 1440 hours (60 days; data not 
shown). The short-term change in LMW:HMW DOC ratios was also exhibited in the 
May mesohaline incubations, decreasing from 7:1 to 2.3:1 at T=336 (Fig. 13b), which 
represented a smaller change than in the freshwater incubation. The high salinity 
incubation in May (Fig. 13g) showed only an increase in LMW DOC, even in the short­
term evaluation.
These changes in relative molecular weight distribution during the overall TDOC 
utilization may be related to the composition (and therefore, freshness and reactivity) of 
each fraction. For example, in the early stages of utilization, the LMW DOC which may 
contain more labile compounds such as amino acids, monomeric carbohydrates, some 
polypeptides and organic compounds from exudation and cell lysis, which degrade 
readily (Furhman and Ferguson, 1986; Ducklow and Carlson, 1992; Benner et a l , 1992; 
Amon and Benner, 1996; Rich et al., 1996; Rich et al., 1997; Keil and Kirchman, 1999) 
would be predicted to be utilized more rapidly than HMW material. The HMW 
component includes macromolecular components (e.g., polysaccharides, proteins, 
lipopolysaccharides, nucleic acid, etc.), as well as aggregates of exudation, humic and 
fulvic acids, and clay minerals (ferric, aluminum and manganous oxides) coated with 
organic material (Benner et al., 1992; Strom and Morgan, 1995; McCarthy et al., 1997; 
Biersmith and Benner, 1998; Carlson 2002). The HMW components are also sites of
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microbially mediated hydrolysis reactions, which may result in formation of LMW and 
MMW materials (Hedges, 1988; Keil and Kirchman, 1994; Bushaw et al., 1996, Nagata 
and Kirchman, 1996) that can be utilized (=assimilated + respired) by heterotrophic 
bacteria. The steps leading to an overall HMW DOC depletion and LMW DOC 
enrichment may therefore include microbial remineralization of primarily LMW DOM 
initially, followed by selective hydrolysis and utilization of the more labile HMW 
compounds with time, which in turn may lead to production of both more reactive and 
more refractory LMW byproducts (Brophy and Carlson, 1989; Keil and Kirchman, 1994; 
Ogawa et al., 2001
Dissolved Organic Nitrogen Utilization
Throughout the incubation study, TDON utilization showed that the greatest 
utilization in May (with the exception of the high salinity incubation) averaging ~ 30% 
depletion of the starting TDON (Table 3). The July and November incubations from all 
three salinity zones showed TDON utilization o f -15% by the end of the incubation 
period (Table 3). Similar to TDOC, the initial concentrations of TDON in the three 
salinity zones generally increased from May to November, the latter of which had the 
highest beginning TDON concentrations (Figs. 14a-i) and relative abundances (Figs. 15 
a-i).
Similar to DOC, the LMW fraction most often dominated the DON pool (Figs. 
14a-i and Figs. 15 a-i). In May, initial concentrations of the HMW DON averaged 20, 18 
and 38% of the TDON in the freshwater (Fig. 15a), mesohaline (Fig. 15d) and high 
salinity zones (Fig. 15g), respectively. Also in May, the HMW DON component of DON 
was completely utilized in each of the three salinity zones with concomitant increases in
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inorganic nitrogen and/or LMW DON (Figs. 15 a, d, g) over the 2-month incubation.
This indicates preferential utilization of the HMW material and remineralization to 
inorganic components with LMW DON as a metabolic intermediate. Like DOC, the 
preferential utilization of different molecular weight fractions of DON follows the model 
of Amon and Benner (1996). This also indicates that the HMW DON may be fresher 
material that is more biologically reactive and available than LMW and MMW DON to 
the heterotrophic bacterial community.
In July, preferential HMW utilization was apparent in the freshwater and 
mesohaline zones where initial HMW DON concentrations were higher than the final 
concentrations (Figs. 14 b and e). Inorganic nitrogen concentrations concomitantly 
increased from 3% - 10% of the TDN in freshwater (Fig. 15b) and 8%-20% in the 
mesohaline zone (Fig. 15e) as the HMW material was remineralized (Figs. 14b, e). In the 
July high salinity sample, HMW DON was below detection, but the MMW material was 
initially 48% of the TDN (Fig. 15h). This MMW material (5-30 kDa) was depleted by 
the end of the incubation period with a corresponding increase in inorganic nitrogen 
(Fig.l5h) and HMW DON indicating possible polymerization or microbial synthesis of 
relatively more labile LMW and MMW materials to form refractory HMW material. The 
greater relative amounts and degrees of utilization of HMW DON in the riverine and 
mesohaline sites during low flow conditions in the York River estuary (Figs. 25 and 26) 
suggests that the more labile DON components in the York River estuary system were 
those originating from either terrestrial or riverine (e.g., tidal freshwater marshes) 
material. In addition, marine DON may have actually been more resistant to degradation,
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Figure 25. Discharge for the Pamunkey River from May 01, 1999 through November 6,
1999.
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Figure 26. Discharge for the Mattaponi River from May 01, 1999 through November 6,
1999.
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an observation that is consistent with the generally increasing ages of DOM from river to 
high salinity waters in the York River estuary system (Raymond and Bauer, 2001a)
In November 1999, the same general pattern of HMW depletion over the two 
month incubation was observed for all three salinity zones (Figs. 14 and 15c, f, and i) 
with concomitant increases in DIN. However, unlike the other two sampling times, the 
relative abundance of LMW material remained basically unchanged throughout the 
November incubations (Figs. 14and 15c, f  and i). Since all of the incubations from all 
three sampling times were conducted at the same temperatures (20°C), and were thus 
indicative of differences in quality or reactivity of DOM at different times of the year 
(i.e., instead of temperature-induced changes), these findings indicate that both the total 
amounts of TDOC and TDON utilized, and the relative distributions of their constituent 
molecular weight components differed both as a function of site (i.e. DOM is comprised 
of co-varying amounts of terrestrial and marine DOM at the three sites) and time of year. 
The latter undoubtedly has a major impact on the quality of DOM introduced to the 
system as a function of such factors as the changing hydrograph and concomitant 
flushing of DOM from soils on land and in marshes, changes in the quantities and quality 
of terrestrial, riverine and estuarine production, etc.
Dissolved Organic Phosphorus Utilization
Utilization of TDOP over the incubation study varied to a greater extent than 
DOC and DON, ranging from zero to 100% of the initial TDOP (Fig. 17 a-i). In the 
freshwater zone, TDOP decreased by 27% and 30% of initial concentrations at the end of 
the incubations in May and July (Figs. 16a and b), respectively. In the mesohaline zone, 
DIP was the dominant fraction of the TDP pool (Figs. 17d-f) showing a relative increase
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from May through November. This suggests that DOP was effectively remineralized 
within the York River estuary by November. In the high salinity zone in May (Fig. 17g), 
the dominance (~ 80% of TDP) of the LMW was uncharacteristic of previous results 
observed and what was expected. However, over that incubation period, that LMW was 
not utilized by the heterotrophic microbes, as the MMW fraction was preferred. The 
differences in potential TDOP utilization in different parts of the York indicate that 
biochemical characteristics of the DOP have changed and the LMW material becomes 
more refractory during transport, or is supplemented by the marine DOP of lower 
reactivity during transport and mixing. This is reflected in the July and November high 
salinity incubations where there is a greater remineraliztion of the HMW fraction to DIP. 
Thus, chemical and molecular weight characteristics of the TDOP show changes over 
time for all three of the estuarine sites. Utilization of the different molecular weight 
fractions of TDOP also showed a greater degree of complexity than either DOC or DON, 
depending on the salinity zone of the incubation, and the time of year (Figs. 16a-i and 
Figs. 17a-i). HMW DOP dominated the DOP pool almost exclusively throughout the 2- 
month incubations, at the same time that DIP was often very high in concentrations 
(>80% of the TDP, Figs. 17a-i). The presence of all three measured molecular weight 
fractions of DOP in May may be related to the phytoplankton bloom when biological 
processes (i.e., cell lysis, grazing, etc.) producing extraneous cellular material, play an 
enhanced role in the production of DOM and its various molecular weight components.
In the May mesohaline incubation, LMW material was utilized to a greater extent (-67%) 
than the other fractions leading us to predict that labile material from cellular breakdown 
and DOM production may have been available from increased biological activity.
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Following the bloom (July), the HMW DOP was again in greater abundance relative to 
the other two molecular weight fractions at the initiation of the incubation, and was 
subsequently preferentially degraded over the LMW material which had presumably 
accumulated from the increased biological activity of the previous month. The more 
highly variable patterns of DOP (i.e., vs. DOC and DON) utilization and the unique 
patterns of utilization of the different molecular weight fractions within each of the 
salinity zones, is likely a reflection of the fact that DOP (and P in general) cycles much 
differently than DOC and DON as a result of its unique physio-chemical (e.g. sorptive) 
properties and biological production and recycling. Phosphorus cycling in estuaries 
appears to be highly dynamic in both its dissolved organic and inorganic forms, and the 
interplay between the different phases of phosphorus and their control by biological and 
physical processes represents a potentially fruitful avenue of future research.
Temporal Factors Controlling Potential DOM Utilization
Discharge rates to the York River estuary were exceptionally high during 
November, 1999 compared to May and July, and compared to previous years (Figs. 25- 
26). These high discharges, which may have resulted in very high surface and possibly 
subsurface runoff, were the result of a storm passing through the area approximately 4 
days earlier (Figs. 25 and 26). High rainfall and discharge events may supply the estuary 
with large pulses of biologically reactive DOM. The increased relative and absolute 
utilization of the HMW DOC fraction for the November high salinity incubation cannot 
be accounted for by stream flow data from that month due to the transport time from the 
riverine input to the of the estuary to the high salinity zone. However, when considering 
the 1 - 2  month residence time of the estuary, discharge data showed 1 0 -fold increase in
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late September and early October (Figs. 25-26). These storm events also shorten the 
residence time and may have transported DOM through the estuary more rapidly than 
usual, so that the export from the estuary may have contained significant amounts of 
labile HMW material to the high salinity zone and possibly the coastal zone.
In November 1999, the utilization of DOM was notably different from the May 
and July incubations, presumably due to unusually high discharge.resulting from the 
passing storms. First, the initial concentrations of DOC and DON in November were 
much higher than the previous two months (Figs. 12, 14 16 a-i). TDOC in the freshwater 
sample in November had an initial concentration of -699 pM C compared to May and 
July when TDOC was -350 pM C and 450 pM C, respectively. Similar initial TDON 
concentrations in November were 3-4 times greater than the May and July incubations 
(Figs. 14 a-c). The TDOP in the freshwater incubation (Fig. 16c) did not show any 
drastic difference in the concentration to previous months, and the mesohaline sample 
(Fig. 16 f) was completely depleted of DOP initially. In contrast, the TDOP initial 
concentration in November high salinity incubation was 0.60 pM P, double that of the 
starting May concentration at this site. Second, a greater percentage of total DOC was 
utilized in November in all three zones of the estuary (Table 3), indicating that bacterial 
heterotrophy may be stimulated on intervals of only days throughout the entire system 
following a storm event. Finally, the November utilization rates of TDOC, in particular 
(9,31, and 26 % in the freshwater, mesohaline and high salinity incubations, 
respectively) over the first 2 0 0  hours were greater than those of the earlier two sampling 
times (generally <2%). The November TDOP utilization rates in the high salinity zone in
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November were also significantly elevated compared to the May or July incubations 
(Figs. 12a-i).
It is apparent that storm events of this nature may cause the release of more labile 
DOM from terrestrial runoff into the riverine end of the system. This DOM is rapidly 
transported throughout the York River estuary where much of it is subsequently utilized, 
presumably enhancing net heterotrophy, remineralization, and the internal fluxes of 
remineralized end-products such as DIN, DIP and CO2. The potential of DOM utilization 
may be greatest at times of high discharge, however those months tend to be in the winter 
when temperature could ultimately control the in situ utilization of this fresh labile DOM 
in the estuary. With high discharge and DOM transport and concomitant low bacterial 
remineralization due to temperature, this labile material may be an important supply of 
nutrient rich DOM to the coastal zone, as pointed out by Raymond and Bauer (2000) 
and/or open ocean waters. In these marine environments, temperature may be less 
variable than in the river and estuary and the deposited DOM may be utilized more 
efficiently.
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SUMMARY AND CONCLUSIONS
The present study of the simultaneous distributions and utilization of dissolved 
organic C, N, and P and their various size fractions, as well as inorganic forms of N and 
P, is the first of its kind to be performed in a temperate estuary. Seasonal and zonal 
patterns of TDOC and TDON distributions were evident throughout the transect study, 
with TDOC concentrations being highest in fall and winter, and TDON being coupled to 
the LMW DON fraction in the fall and winter. TDON may also periodically be an 
important source of nutrient N to the York River estuary at times (mid summer) when 
DIN becomes completely depleted due to primary production. The highest 
concentrations of TDOP were observed in the summer. In contrast to DIN, DIP was 
abundant during mid summer and became depleted in early spring in certain locations in 
the estuary. Size fractionation of the DOM pool along the salinity gradient showed that 
LMW material was the dominant of DOC and DON, while HMW material the dominant 
fraction of DOP throughout the transect estuary.
A continuous source of TDOC within the estuary was observed consistently over 
the year of the study, whereas a net internal source of TDON was apparent only in fall 
and winter. TDOP and associated molecular weight fractions, did not display a distinct 
pattern of sources or sinks as demonstrated by using Kaul and Froehlich’s model. 
Estimates of TDOC efflux from the York River to the coastal ocean were always less 
than the influx from the riverine source, indicating that this system is a strong producer 
and net exporter of DOC to the coastal waters. Average influx and efflux estimates 
demonstrated that there was a significant source (p<0.05) of both DOC and DIP over the
84
annual studyperiod. TDON and TDOP most often had less significant net change in 
fluxes from the river to the coastal ocean .
Dark incubation studies showed that TDOC, TDON and TDOP were utilized to 
varying extents with concurrent increases in DIN and DIP over the two-month incubation 
periods. HMW DOC, DON and DOP were generally utilized preferentially to the LMW 
fractions. Size-fractionation of the TDOC pool showed that an average of 13 +.10% of 
the HMW DOC was utilized with a concurrent increase of 13 +_8 % of LMW DOC. 
Preferential utilization of HMW DON and DOP during incubations was also observed 
corresponding with an increase in DIN and DIP, though the increases in nutrient N and P 
were not always in stoichiometric balance with TDON and TDOP utilization. Finally the 
passage of storm events, leading to high amounts of rainfall and runoff, although short in 
duration may result in a disproportionate amount of DOM transported through and 
metabolized in the York and other temperate estuaries on an annual basis.
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APPENDIX A
Yearly and Monthly Streamflow Averages for the Pamunkey and Mattaponi Rivers
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Appendix A. Yearly stream flow averages for the Pamunkey River, Virginia. Data
obtained from http://www.usgs.gov/va/nwis/annual.
[Hanover County, Virginia
iiHydrologic Unit Code 02080106
|Latitude 37°46'03", Longitude 77°19'57" NAD27
(Drainage area 1,081.00 square miles
;Gage datum 14.72 feet above sea level NGVD29
----- - -- ------ 5—------ ------ ------- — ----~--------———;
Year
Annual i 
mean 
stream flow, 
in ft3/s
Year
Annual 
mean 
stream flow, 
in ft3/s
Year)
Annual 
mean 
stream flow, 
in ft3/s
Year)
Annual i 
mean 
stream flow, 
in ft3/s
[19421 917 1957 1972 1,789 1987 1,17lj
I1 9 4 3 684! 1 1958 1,154 7973 1,448 1988 648
1944 874 1959 675 7974 1,045 [l989 1,175
1945 P  1,094 T960 963 1,647
7 ^ 9 0
1,128
1946 p = “ 1,072 • 1961 1,369 1976 1 , 2 0 2 1991 568
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1948 : 1,616 1963 757 1978 1,325 (l993 1,485
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1950 [ 864 r1965 6211| 1980 875 1995 869
1951 f 904 11966 574 ] 1981 278 1996 1,775
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1953 [ 817 [1968 571 7987 1 , 2 1 2 1,694
1954 [ 434 [l969 1,158 [1984 1,635 1999 491
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!
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Appendix A. Yearly stream flow averages for the Mattaponi River, Virginia. Data
obtained from http://www.usgs.gov/va/nwis/annual.
King William County, Virginia
Hydrologic Unit Code 02080105
Latitude 37°53'16", Longitude 77°09'48" NAD27
Drainage area 601.00 square miles
Gage datum 12.43 feet above sea level NGVD29
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Appendix A. Monthly stream flow averages for the Pamunkey River from 1987-2001.
Data obtained from http://www.usgs.gov/va/nwis/monthly.
Hanover County, Virginia
Hydrologic Unit Code 02080106
Latitude 37o46'03", Longitude 77°19'57" NAD27 !
Drainage area 1,081.00 square miles
Gage datum 14.72 feet above sea level NGVD29
YEAR j Monthly mean stream flow, in ft3/s
Jan [ Feb Mar Apr May Jun Jul Aug | Sep Oct j Nov Dec
1987 1,072; 1,744 1,371 (3,599 [1,674 932 250 93.81 659 226 715 [1,812
1988 1,675 11,422 834 805 11,470 324 214 1481 103 114 372 317
1989 363| 920 2,243 |l,258 12,634 1,169 jl,498 542! 718 821 1,135 760;
1990 2,394 }1,780 1,26211,970 [2,303 1,460 227 244 124 440 511 868_ _ _ _ _ _ _ ^ _ _
195 86.1 86.2j 463
1992 j 514| 672 1,311 723 600 630 305 197| 277 171] 418 |l ,768
1993 2,128ijl,313| 4,928 (3,474 [1,545 517 143) 117 77.5 106 787 (2,635
1994 1,787 ]3,899 5,430 [2,789 [1,077 356 700 1,147 497 284 366 460
1...... 1995
_ _ j _ _
1,560 504 749 1,111 [1,246 172 82.1 890 916 |l, 0497
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2000 669 jl,181 1,076 1,843 637 428 331 186 329 126 177 378
2001 630| 609 1,431 1,453 493 788 121 147 88.9
Mean of 
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stream 1,434| 1,624) 1,883 1,535 1,027 680 501 619 427 581
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flows
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Appendix A. Monthly stream flow averages for the Mattaponi River from 1987-2001.
Data obtained from http://www.usgs.gov/va/nwis/monthly.
King William County, Virginia
Hydrologic Unit Code 02080105
Latitude 37°53’16", Longitude 77°09'48" NAD27 j
Drainage area 601.00 square miles
Gage datum 12.43 feet above sea level NGVD29
YEAR
Monthly mean stream flow, in ft3/s
Jan Feb | Mar j Apr May (Jun j Jul
>
Aug j Sep Oct (Nov Dec I
1987 758 937 817 [1,540 1,068 593 I 154 60.3 197
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1990 1,143 1,109 711 j 1,05411,048 850 232 241 82.7 172 226 375
1991 975 338 552 604 186 46.3 | 45.9 35.1 25.6 47.6 |49.9 273
1992 365 286 709 T 401 264 2311 241 301 1 1 2 139 300 747
1993 1,029 715 [2,179 |l ,920 [l,026 359 i...... , 98.1 114 76.6 85.8 243 1,063
1994 875 " 6 3 4 f l8 l‘[ 233 613 196 166 242 260
1995 706 515 6111 288, 379 341 j 249 6 6 . 8 26.4 331 493 505
| 1996 1,346 1,253 83511,177 630 427, 405 388 769 863 836 1,603
| 1997 844 1,105 1,244 [ 778 531 408j 266 137 47.8 96.6 607 376
j 1998 1,065 3,100 2,44011,564 |l ,035 435 | 132 51.9 19.6 33.3 (56.2 123
| 1999 334 277 7901 309 88.5 2 2 . 1 34.2 2 1 .2 s 455 277 168 312
2000 335 549 405 262s! 284 209 156 62.4 1 0 1 292
2001 364 351 5321 776 347 367; 58.6 116 36.4
Mean of 
monthly 
stream flows
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H... i I
640: 40! 285 320 230 311: 4161 615
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APPENDIX B 
Statistical Errors
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APPENDIX B: Statistical Analytical Errors
II. Standard Deviations for Size Fractionated Components
Component Standard Deviation (s) pM
TDOC 8.3
HMW DOC 9.2
MMW DOC 15.5
LMW DOC 14.9
TDON 0.24
HMW DON 1.29
MMW DON 2.6
LMW DON 2.27
DIN 0.14
TDOP 0.023
HMW DOP 0.034
MMW DOP 0.046
LMW DOP 0.039
DIP 0.011
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APPENDIX C: Elemental ratios for the transect study 1997-1998  
Oct-97__________ Dec-97
Salinity DOC:DON DON:DOP DIN:DIP
1.3 20 160 33
3.5 NA *** 15
6.9 NA *** 16
10.9 NA 2321 18
14.3 27 *** 12
16.3 19 187 10
20.1 20 2217 14
22.5 18 1820 16
23.5 12 75 29
Salinity DOC:DON DON:DOP DIN:DIP
0.6 24 77 33
2.1 27 171 29
6.1 30 135 28
9.8 NA 107 22
13.4 38 299 19
16.5 44 101 20
17.6 46 227 18
20.5 43 124 18
Apr-98
Salinity DOC:DON DON:DOP DIN:DIP
0.0 18 66 47
0.2 18 142 28
1.9 17 67 30
5.4 16 104 46
6.6 17 113 58
10.6 19 117 144
12.1 15 83 105
14.1 13 78 155
Jun-98
Salinity DOC:DON DON:DOP DIN:DIP
0.1 17.5 26 21
2.1 22.8 71 23
4.4 23.0 64 19
6.0 20.3 56 10
8.1 19.6 53 6
10.5 18.4 46 4
11.4 18.2 65 2
15.6 12.7 36 4
May-98
Salinity DOC:DON DON:DOP DIN:DIP
0.4 19 56 27
0.8 20 41 30
3.0 20 106 30
4.9 20 71 86
6.0 20 58 179
7.0 19 73 50
9.5 17 216 167
11.3 13 143 121
12.3 14 80 154
Jul-98
Salinity DOC:DON DON:DOP DIN:DIP
2.1 16 103 2
4.3 20 82 4
8.4 17 22 1
10.3 20 18 1
11.8 16 20 1
16.9 11 22 3
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A PPEN D IX  C: E lem en ta l ra tio s  for th e  t r a n s e c t s tu d y  1 9 97 -1998  
A ug-98____________________________________________ S ep -9 8
Salinity D O C :D O N D O N :D O P DIN:DIP
0.5 19 93 2
2.7 20 154 2
4 .2 21 258 4
5.7 21 1538 7
7 .8 21 251 8
10.6 21 21 2 8
14.4 18 305 3
16.6 16 235 4
19.3 12 69 3
Salinity D O C:D O N D O N :D O P DIN:DIP
1.2 19 92 30
4 .7 20 122 3
6 .2 20 129 3
9.5 20 136 5
14.5 16 186 3
18.2 15 128 5
20 .3 14 72 13
20 .9 11 82 17
O ct-98
Salinity D O C :D O N D O N :D O P DIN:DIP
1.2 21 79 65
3.1 23 401 2
4 .3 21 92 2
7.0 20 116 1
10.5 23 68 7
14.6 29 62 7
17.0 NA 89 9
20 .8 32 54 14
22.1 24 45 37
*** C a n n o t d ivide by 0
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Appendix D. Particulate data collected during the transect study. TSS=Total suspended solids, POC=
Particulate organic carbon, PN = Particulate nitrogen, PP = Particulate phosphorus, N/A=Not available.
Salinity T S S  (m g/L) P O C  (mg/L) PN (mg/L) P P  (m g/L) C hlorophyll a  (ug/L)
1.3 2 6 .2 1.361 0 .146 0 .0 4 3 7 N/A
3.5 2 4 .6 1.675 0 .206 0 .0 4 5 3 N/A
7 .0 19.8 1.233 0 .150 0 .0 3 6 9 N/A
10.9 20.1 1.243 0 .150 0 .0 3 6 2 N/A
14.3 19.7 2 .1 8 8 0 .303 0 .0 4 0 6 N/A
16.3 13.9 1.288 0 .168 0.0271 N/A
20.1 8 .7 0 .717 0 .096 0 .0 1 4 7 N/A
2 2 .5 9 .4 0 .4 4 4 0 .056 0 .0 0 9 7 N/A
2 3 .5 6 .3 0 .6 4 9 0 .114 0 .0 1 4 2 N/A
Salinity T S S  (m g/L) P O C  (mg/L) PN (mg/L) P P  (mg/L) C hlorophyll a  (ug/L)
0 .6 6 7 .0 N/A N/A 0.0971 3.23
2.1 39 .7 N/A N/A 0 .0 5 4 7 2 .2 6
6.1 56 .0 N/A N/A 0 .0 7 5 4 2 .3 0
9.8 80 .0 N/A N/A 0 .1 0 4 7 4 .5 6
13.4 2 9 .2 N/A N/A 0 .0 3 3 4 5 .60
16.5 2 1 .9 N/A N/A 0 .0 2 5 2 5.72
17.6 15.4 N/A N/A 0 .0 1 3 7 1.79
2 0 .5 8 .7 N/A N/A 0 .0 0 7 7 3.58
2 1 .0 11.7 N/A N/A 0 .0 0 8 2 1.97
Salinity T S S  (m g/L) P O C  (mg/L) PN  (mg/L) P P  (m g/L) C hlorophyll a  (ug/L)
0 .0 15.0 1.021 0 .049 0 .0 3 3 6 2 .2 4
0 .2 4 3 .2 2 .1 9 2 0 .105 0 .0 8 8 5 7 .86
1.9 34 .3 1.813 0 .116 0 .0 6 7 8 10.90
5 .4 2 4 .0 1 .636 0 .153 0 .0 4 6 8 N/A
6.6 7 .5 0.621 0 .035 0 .0 1 6 5 2 .7 0
10.6 5.1 0 .6 0 9 0 .052 0 .0 1 6 3 2 .6 9
12.1 4 .9 0 .6 7 9 0 .068 0 .0 1 8 6 4 .0 7
14.1 3 .4 1.041 0 .115 0 .0 1 6 6 3 .77
14.0 3 .2 1 .133 0 .124 0 .0 2 1 7 6 .7 2
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Appendix D. Particulate data collected during the transect study. TSS=Total suspended solids, POC=
Particulate organic carbon, PN = Particulate nitrogen, PP = Particulate phosphorus, N/A=Not available.
S alin ity T S S  (m g/L) P O C  (m g/L) PN  (mg/L) P P  (m g/L) C hlorophyll a  (ug/L)
0 .4 1.4 1.111 0.051 0 .0 3 7 8 1.03
0 .8 8 .4 2 .1 4 9 0.171 0 .0 6 5 8 3 .8 5
3 .2 6.1 2 .5 4 9 0 .3 0 2 0 .0 6 0 6 2 3 .0 3
4 .9 11 .2 1 .752 0 .2 0 6 0 .0 4 2 9 10 .96
6 .2 13 .4 1 .673 N/A 0 .0 3 8 3 14 .29
7 .8 12 .5 1 .949 0 .2 6 7 0 .0 3 7 8 6 .6 7
10 .2 10 .8 1 .066 0 .1 2 3 0 .0 2 0 2 N/A
11 .7 2 9 .5 0 .7 3 0.091 0 .0 1 7 5 2 .9 8
12 .5 8 .3 0 .6 0 8 0 .0 6 5 0 .0 1 2 3 < 0 .05
S alin ity T S S  (m g/L) P O C  (m g/L) PN  (mg/L) P P  (m g/L) C hlorophyll a  (ug/L)
0.1 13 .0 1 .115 0 .1 4 0 0 .0 4 12 .22
2.1 2 0 .2 1 .312 0 .1 5 0 0 .0 4 0 5 14 .65
4 .4 3 6 .2 2.11 0 .2 7 9 0 .0 7 3 4 1 1 .53
6 .0 2 6 .7 3 .1 0 3 0 .4 6 8 0 .0 7 8 2 5 2 .8 0
8.1 2 6 .7 2 .2 2 5 0 .3 0 6 0 .0 4 9 4 12.01
10 .5 2 8 .0 2 .5 4 6 0 .3 6 2 0 .0 5 3 9 3 5 .8 0
11 .4 3 6 .8 2 .6 9 6 0 .3 9 4 0 .0 7 9 4 1 9 .60
15 .6 2 8 .4 2 .0 4 0 .3 1 5 0 .0 5 2 4 8 .0 0
14.1 6 .0 1.7 0 .2 7 8 0 .0 3 2 9 < 0 .05
S alin ity T S S  (m g/L) P O C  (mg/L) PN  (m g/L) P P  (m g/L) C hlorophyll a  (ug/L)
0 .0 2 4 .7 1 .853 0 .2 3 0 0 .071 3 4 .1 3
2 .0 14 .0 1 .842 0 .2 3 0 0 .0 4 3 2 2 9 .8 6
4 .3 2 8 .3 2 .2 5 9 0 .3 3 5 0 .0 6 8 6 35.41
5 .7 19 .5 1 .829 0 .2 6 9 0 .0 4 9 3 3 7 .9 2
8 .4 2 0 .4 2 .1 5 9 0 .3 3 7 0 .0 5 0 8 3 9 .3 3
10 .2 2 1 .2 1 .753 0 .2 7 5 0 .0 4 4 2 8 .7 4
11 .8 2 4 .2 2 .0 0 2 0 .3 3 8 0 .0 4 9 6 12 .96
14 .4 13 .6 1 .178 0 .2 0 0 0 .0 2 8 10 .84
16 .9 8.1 1 .326 0 .2 3 8 0 .0281 < 0 .05
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Appendix D. Particulate data collected during the transect study. TSS=Total suspended solids, POC=
Particulate organic carbon, PN = Particulate nitrogen, PP = Particulate phosphorus, N/A=Not available.
S alin ity T S S  (m g/L) P O C  (m g/L) PN  (m g/L) P P  (m g/L) C hlorophyll a  (ug/L)
0 .5 1 3 .5 1 .4 8 4 0 .1 4 9 0 .0 3 4 9 9 .6 0
2 .7 15 .0 1 .698 0 .2 0 2 0 .0 4 2 10 .68
4 .2 18 .0 1 .587 0 .1 8 9 0 .0 3 5 6 9 .1 6
5 .7 11 .0 1 .665 0 .1 9 8 0 .0 3 1 7 13 .56
7 .8 13 .8 2 .2 2 6 0 .3 0 3 0 .0 4 2 8 14 .89
10 .6 2 3 .0 2 .2 3 2 0 .3 1 7 0 .0 5 6 7 17 .10
14 .4 18 .0 2 .0 2 3 0 .2 8 7 0 .0351 9.41
16 .6 15 .0 1 .354 0 .2 1 3 0 .0 3 3 5 11 .09
19 .3 9 .6 1 .106 0 .1 8 3 0 .0 2 2 < 0 .05
Salin ity T S S  (m g/L) P O C  (m g/L) PN  (m g/L) P P  (m g/L) C hlorophyll a  (ug/L)
1 .2 12 .8 1 .253 0 .1 7 3 0 .0 3 5 2 3 .7 0
4 .7 16 .8 1 .8 7 6 0 .2 6 8 0 .0 4 7 3 12 .53
6 .2 2 0 .5 2 .1 7 2 0 .3 1 5 0 .0 5 3 9 14 .12
9 .5 18 .0 1 .768 0 .2 1 9 0 .0 4 9 3 2 8 .4 5
14 .5 2 0 .8 1 .8 1 7 0 .2 3 6 0 .0 4 5 8 15 .0 0
18 .2 11 .0 1 .317 0 .1 9 0 0 .0 2 5 3 11 .53
2 0 .3 17 .3 1 .037 0 .0 1 6 0 .0 2 6 3 7 .7 8
2 1 .0 8 .5 1 .018 0 .0 1 9 0 .0 2 5 4 .7 6
S alin ity T S S  (m g/L) P O C  (m g/L) PN  (mg/L) P P  (m g/L) C hlorophyll a  (ug/L)
1.2 5 .6 0 .8 5 6 0 .0 7 5 0 .0 1 7 6 3 .9 8
3.1 5 .6 0 .8 8 7 0 .0 8 3 0 .0 1 6 8 1 .76
4 .3 5 .3 1 .0 7 6 0 .1 2 2 0 .0 1 7 7 2 .5 7
7 .0 9 .2 1 .376 0 .1 5 9 0 .0 2 9 7 7 .7 6
10 .5 10 .8 1 .7 1 9 0.241 0 .0 3 1 5 8.91
14 .6 9.1 1 .312 0.191 0 .0 2 7 3 5 .62
17 .6 10 .6 1 .155 0 .1 6 7 0 .0 2 2 5 3 .0 8
2 0 .8 9 .0 0.871 0 .1 2 8 0 .0 1 4 6 2 .4 6
22.1 8 .4 0 .9 3 6 0 .1 4 4 0 .0 1 5 3 5 .7 3
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